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This thesis is centred on a unique feature of the skeletal muscle fibre, the satellite cell.  This 
small fusiform cell, lying in a sub-sarcolemmal position, is the most recently discovered 
cytological entity of skeletal muscle.  It can be readily distinguished from other better-known 
mononuclear cells found lying between muscle fibres, such as endomycial fibroblasts, vascular 
pericytes, mast cells and histiocytes.  It is unique in that it is the only mononucleated cell lying 
within the basement membrane of the normal adult muscle fibre.  Mononuclear cells are, 
however, a prominent feature of developing and regenerating muscle.  In both, myoblasts fuse 
to form myotubes, which in turn develop into mature fibres.  The immediate inference from this 
is that the satellite cell could be related to the mononuclear cells seen in these two situations. 
 
 This work was undertaken to further our understanding of the form and function of the 
satellite cell.  This cell is only recognisable with certainty in the electron microscope, so that the 
main part of the work involved electron microscopy.  Skeletal muscle, as a tissue, has received 
a great deal of attention at all levels, from its gross form and function, through its histology and 
cytology, to its molecular components and biochemistry.  Yet despite this, the satellite cell, 
though first described in 1961, has seemingly been bypassed, and has as yet received less 
attention.  Furthermore, where this cell has been observed, there has been considerable 
divergence of opinion over its function. 
 
 The main theme of this thesis is that the satellite cell is a reserve myoblast, capable of 
giving rise to a supply of myoblasts, both during embryogenesis, and during regeneration of 
injured muscle fibres.  If this is its role, it clearly has a cardinal place in the biology of skeletal 
muscle, and deserves concerted and meticulous study. 
 
 The presentation of this work falls conveniently into several Sections, outlined briefly 
here.  In the Historical Review of Section I, a survey of relevant earlier scientific literature is 
followed by a more extensive review of the work of the past two decades, concentrating on 
reports concerned with mononuclear cells in skeletal muscle, and in particular those describing 
the morphology and behaviour of satellite cells. 
 
In Section II, the situation, morphology, and ultrastructure of satellite cells are considered in 
detail.  Satellite cells have been found in all skeletal muscles so far studied, from amphibia to 
mammals, including man.  They thus appear to be widely distributed, and an essential feature of 
normal voluntary muscle.  Though they lie beneath the basement membrane of the 
sarcolemmal sheath, they are separate and distinct from the muscle fibre syncytium.  Their 
scanty cytoplasm contains no actomyosin, and their densely staining nuclei occupy the greater 
part of the cell, giving a nucleo-cytoplsmic ratio of more than one.  They occur at regular 
intervals along the fibre in a proportion of approximately one to eight myonuclei in the muscles 
studied.  The place of satellite cells having been established in the morphology of the skeletal 
muscle fibre, the smallest unit of muscle couldbe defined as that segment of a fibre which 
contains on satellite cell and its appropriate number of myonuclei.  It is suggested that this could 
be naked the Satellite Cell Segment.. 
 
   A study of the biology of a new cell type must logically include a study of its 
embryogenesis.  The embryogenesis of skeletal muscle, though well documented, must itself be 
reviewed in the light of the present knowledge of the satellite cell.  An electron microscopic 
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study of the embryogenesis of satellite cells, and the part they play in the embryogenesis of 
skeletal muscle, is described in Section III.. 
 
 Though the morphology of satellite cells is quite distinctive, it cannot be related 
immediately to any specific function in mature muscle.  The studies described in Section IV 
were designed to further elucidate this function.  The study of the behaviour of single cell type 
presents its own particular problems.  Conventional histology or histopathology is concerned 
with tissues and organs, rather than with any given cell or cell type within them.  This study 
must be at the level of cytology and cytopathology.  It is just here that electron microscopy, the 
essential research technique to be used, presents its greatest drawback, in that dynamic cell 
function cannot be observed consecutively, and can only be deduced from a series of 
micrographs of fixed cells.  It is essentially for this reason that there it still such divergence of 
opinion over the function of satellite cells.  If, however, cell behaviour can be standardised or 
synchronised in the laboratory, the process can then be arrested at appropriate intervals, 
observed in the fixed state, and a consecutive dynamic story subsequently built up.  Biological 
systems are frequently random in their behaviour, so that these ideals are notoriously difficult to 
achieve, but an attempt is made here, using a new experimental model, the fruit bat web, and 
standard experimental techniques, to overcome some of the problems involved.  The results of 
these studies indicate that the satellite cell retains the ability to divide and furnish new 
myoblasts in regenerating muscle.  These myoblasts then fuse to form new fibres.  Moreover, 
during recovery, further satellite cells are set aside, so that the process is repeatable.  The end 
result, however, depends on the extent to which the architecture of the muscle is disturbed on 
injury, and on the nature of the injurious agent. 
 
In the General Discussion [Section V], concepts and ideas arising in the course of these studies 
are developed further, and in particular the concept of reserve cells.  A reserve cell bcan be 
defined an an undifferentiated cell lying between fully differentiated cells of a certain type., and 
capable of giving rise to cells of that type, when required.  This is in contrast with a ‘stem’ cell 
which is pluripotential, giving rise to a variety of cell types.  The concept of the satellite cell 
segment is developed further, and a sequence of cell multiplication is put forward, as a 
myogenesis model, applicable to both developing and regenerating muscle.  From this, a 
unitary concept of myogenesis is proposed, and it is suggested that the satellite cell be more 
appropriately named the Reserve Myoblast of skeletal muscle.  The possible existence of 
similar reserve cells in other tissues is then discussed, considering especially cardiac and 
smooth muscle, and the epithelium of the gastro-intestinal tract.  Having assessed the present 
limits of our understanding on these themes, the type and direction of possible further studies 
are then briefly outlined. 
 
 The majority of the experiments described in this thesis were performed on a new 
experimental animal, the East African fruit bat Eidolon helvum Kerr.   This large fruit bat has a 
remarkable web structure, the main web containing a number of small striated muscles 
arranged in parallel between the two layers of web skin.  An account of the ecology of this 
animal, its gross anatomy and detailed structure of the web, is given in Appendix [i], together 
with details of capture, housing, feeding, handling and use as a laboratory animal.  
 
 Appendix [ii] contains details of the methods employed in the experiments and studies 
referred to in earlier Sections.  This includes details of fixation and preparation of tissues, and 
subsequent light and electron microscopy, staining and photography.  Methods specifically 
developed during these studies are described in more detail. 
 
 In the Summary and Conclusion [Section VI] the chief points of the work and briefly 
reiterated, and the conclusion is reached that the satellite cell has an established place in the 
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morphology of skeletal muscle, that it plays a major role in its embryogenesis, and is set aside 
in mature muscle as a reserve myoblast.  Under normal conditions it will remain inactive for long 
periods, but following injury to the muscle, it is stimulated to divide to provide further myoblasts 
which fuse to form new fibres.  Where the architecture of the muscle is retained intact, recovery 
is complete, even after repeated injury.  When the architecture is disrupted, recovery is less 
effectual, and may be severely limited by scar tissue. 
 
 Two reprints are attached at the end of the thesis.  These are reports with a direct 
bearing on the present work, entitled ‘The use of the fruit bat in surgical research’, and ‘Satellite 
cells and skeletal muscle regeneration’. 
 
      - - - o - - - 
 
 
 
 
 
 
Section I 
 
HISTORICAL  REVIEW 
 
 
Striated muscle, with its distinctive histological appearances 
and functional importance has been very extensively studied, 
as is evident from the volume and scope of mycological 
literature.  Despite this, the satellite cell of the skeletal muscle 
fibre, a small sub-sarcolemmal cell, has only been fully 
recognised in recent years, with the greater resolution made 
possible by electron microscopy, and is as yet little known. 
 
 A review of the scientific literature on the satellite cell could be restricted to those reports 
where it is specifically mentioned, in electron microscope studies.  But mononucleated cells 
have been seen, in relation to normal and pathological muscle, from the early histological 
studies of the 19th century, so that a survey of relevant observations prior to electron 
microscopy forms a fitting background against which to evaluate more recent studies. 
 
 Studies of the histological and ultrastructural characteristics of muscle can be divided into 
three general groups; a] studies of normal morphology in developing and adult muscle, b] 
studies of pathological states in muscle, and c] experimental investigations.  No satellite cell, or 
its equivalent, has been described for cardiac or smooth muscle, so attention is drawn, in 
general, only to those reports which have a direct bearing on this thesis – that is, wherever 
mononucleated cells are observed in relation to skeletal muscle, and more specifically, where 
the morphology and behaviour of satellite cells is described. 
 
A]  Studies of Normal Morphology, in Developing and Adult Muscle 
 
 A comprehensive review of the embryogenesis and development of striated muscle is 
given by Boyd [1960.  Shorter reviews are given by Adams, Denny-Brown and Pearson [1962], 
and Willis [1962a].  Mononucleated cells are a characteristic feature of all developing  muscle.  
The earliest observations are probably those of Schwann [1839], [quoted by Boyd, 1960], who 
stated that in his opinion, definitive muscle fibres in the pig arose by alignment of the formative 
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elements in parallel rows in which the cells were arranged in an end-to-end fashion.  He 
considered that linear coalescence of these cells produced the elongated multinucleated 
condition.  Schwann’s observations have been corroborated by the majority of observers since.  
Tello [1917], [quoted by Allbrook, 1962], named the precursors of striated muscle ‘myoblasts’, 
‘myocytes’, and ‘myotubes’.  ‘Myoblasts were mononuclear cells with basophilic cytoplasm 
containing no myofibrils. ‘Myocytes’ were mono- or bi-nuclear cells with intense cytoplasmic 
basophilia and early myofibrils, and ‘myotubes’ were immature fibres, having numbers of 
centrally placed nuclei, and a variable quantity of peripheral myofibrils.  These terms are still 
valid today. 
 
 Although it was generally agreed that myoblasts could multiply and fuse together to form 
multinucleated fibres, there was considerable disagreement over the mode of increase in the 
number of fibres, and the mode of increase in their estimated myonuclei.  Adams et al [1962] 
indicate that ‘it is generally agreed that once the muscle cell becomes a multinucleated entity, 
further division is amitotic’.  The concept of amitotic division has been upheld by many, even up 
to recent times [Achaval & Rebollo, 1964; Klishov, 1965].  Willis [1962a] states that ‘further work 
is still needed to decide whether the multinucleation of the young fibres is due to mitotic division 
or the myoblast, or to amitotic division, or possibly to fusion of separate cells’. 
 
 The question of mitotic and amitotic division of nuclei in muscle is crucial to the main 
theme of this thesis.  If both processes are operative, or if amitosis is the principal mode of 
division, then the mitotic division of myoblasts would be of lesser, or secondary importance.  
Conversely, if mitosis does not occur at all, the development of muscle would be entirely 
dependant on the division by mitosis of mononucleated myoblasts.  Furthermore, if satellite cells 
are myoblasts, their behaviour is then critical to the development of muscle.  This subject is 
taken up and developed in the General Discussion of Section V, p, *** 
 
 An important feature of skeletal muscle is the well-marked sheath of basement 
membrane which surrounds each fibre.  From the time that basement membranes are formed in 
developing muscle, a distinction can be made between cellular activity within them and outside 
them.  The ability to make this distinction is of considerable relevance to this thesis, as satellite 
cells can only be recognised with certainty when seen lying within a basement membrane.  
Schwann [1839] and Bowman [1840], [quoted by Bennett, 1958], wre the first to describe the 
basement membrane.  Bowman fist named it the ‘sarcolemma’, and showed it to have 
remarkable mechanical properties, to be separated easily from the myofibrils, and to be capable 
of a considerable degree of stretching without breaking – in this capacity exceeding the 
capabilities of the myofibrils themselves.  The electron microscope has revealed further details 
of the ultrastructure of the ‘sarcolemma’ [e.g. Robertson 1956db], and other studies by Street & 
Ramsey [1965], and Lamport [1965 have elucidated aspects of tension transmission by the 
‘sarcolemma’, corroborating and expanding on the classic early descriptions. 
 
 These observations were on adult muscle, where the basement membrane is clearly 
demonstrable.  During embryogenesis basement membrane is itself being laid down around the 
developing muscle fibres.  Couteaux [1941] indicates that a ‘membrane collagene’ could be 
seen on the surface of well developed fibres, but not around early myotubes.  Nonetheless, 
Couteaux accurately observed the presence, and division by mitosis, of undifferentiated 
mononuclear cells which were closely applied to the surface of developing muscle fibres.  
Couteaux named these undifferentiated cells ‘éléments satellites’.  This is the earliest use of the 
term ‘satellite’ in skeletal muscle histology.  It is most fitting that these cells were thus named, 
as they fulfil the criteria now laid down for the satellite cell, and are similar to satellite cells, 
described below in the electron microscope study of embryogenesis [Section III] seen lying 
under the thin basement membrane of young developing fibres. 
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 Hay [1961], in a study of the development of myotubes in Amblystoma opacum larvae, 
described the function of myoblasts with each other, or with more differentiated muscle cells.  
Allen & Pepe [1965] describe ‘interstitial’ cells, which could have been satellite cells, though 
they do not name them.  All these studies, though describing mononuclear cells and 
contributing to the understanding of the ultrastructure of developing muscle, add but little to the 
specific study and understanding of the satellite cell. 
 
 Though mononuclear cells are such an obvious feature of developing muscle, there was 
no suggestion, until recent years, that mononucleated cells might be a feature of adult and 
mature muscle fibres. The only mononucleated cells recognised were those of the connective 
tissues between muscle fibres – endomycial fibroblasts, capillary pericytes, mast cells and 
histiocytes – all of which lie outside the basement membrane of the muscle fibres.  Thus all 
nuclei seen within the basement membrane have been assumed to be myonuclei.  Earlier 
studies on the ultrastructure of normal skeletal muscle by Pearce & Baker [1949], Bennett & 
Porter [1953] and Van Breeman [1960], furnish information on the myonuclei, but no reference 
is made to cells which could be satellite cells.  Bennett [1958], in a detailed review, with 
extensive bibliography, of the cytology of striped muscle, barely refers to myonuclei, and makes 
no mention of satellite cells or their possible equivalent.  In a further review two years later, 
Bennett [1960] describes in detail the ultrastructure of the sarcolemma, sarcoplasm, 
mitochondria, and sarcoplasmic reticulum, and then states of myonuclei that ‘the location of 
nuclei in various types of striated muscle cells has been thoroughly explored with the light 
microscope, and the electron microscope cannot be expected to contribute significantly to this 
matter’. 
 
 If this opinion is representative, it is understandable that the ultrastructure ond function of 
the other features of skeletal muscle fibres would absorb more of the attention, and the study of 
the ‘myonuclei’ would be relatively cursory.  It was not until 1961 that the satellite cell, as a 
distinct entity within the sarcolemmal sheath was first recognised, by Mauro.   
 
 Mauro [1961] coined the term ‘satellite’ for these cells, and described them in the 
following succinct way:  ‘The striking paucity of cytoplasm relative to the satellite cell nucleus 
results in the cell assuming the shape of the nucleus.  In fact it is virtually impossible to discern 
the cellular nature of this entity in the light microscope, as it appears to be indistinguishable 
from a peripheral muscle nucleus proper In electron micrographs the cell is seen “wedged” 
between the plasma membrane of the muscle fiber and the basement membrane, which invests 
the fiber throughout its length in close association with the plasma membrane.  The intimacy of 
this satellite cell with respect to the multinucleate muscle cell is further revealed in the fact that, 
in general, the surface of the muscle fiber is not distorted outwards but instead the satellite cell 
protrudes inward 
pushing the myofibrils of the muscle aside.  On the inner surface, the plasma membrane of the 
satellite cell is in apposition with the plasma membrane of the muscle cell. . . . It is not possible 
at present to estimate the frequency of occurence of these cells in a typical muscle fiber in our 
preparation of tibialis anticus muscle.  The only generalisation warranted at this time is that the 
peripheral muscle nuclei proper occur much more frequently than the satellite cells’. 
 
 ‘It is interesting that upon alerting other investigators to these findings, similar cell have 
been found in electron micrographs of two other muscles of the frog, namely Sartorius [Swan.  
Personal communication], and ileofibularis [Peachey. Personal communicatioin], and of the 
sartorius and tongue muscle of the white rat [Palade. Personal communication].  [Though the 
direct evidence is restricted to these two vertebrates, it seems reasonable to hazard a guess 
that skeletal muscle fibers of vertebrates in general contain satellite cells]‘. 
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 ‘It is tempting to speculate about the origin and the role the satellite cell.  Before stating 
the several hypotheses that have figured in our interpretations, it is pertinent to recall a most 
striking feature of regenerating muscle fibers in the least ambiguous case where the 
sarcolemma-tube remains intact, the myoplasm having undergone hyaline formation and 
retraction as a result of trauma.  Within 48 hours a marked presence of “free cells’ is noted in 
the empty tube, the cells appearing both as “round” and “fusiform” types [Godman, 1957]. 
Moreover, in tissue culture studies of mature skeletal muscles explants, free cells are also seen 
emanating from the explant.  The central question must be asked: what is the origin of these 
cells?  Most cytologists lean towards the interpretation that surviving nuclei in the damaged 
multinucleate muscle cell give rise to singe cells by “gathering up” cytoplasm from the 
sarcoplasm of the muscle cell – an unusual mechanism, however, for vertebrate systems.  If 
this point of view is taken the first and immediate hypothesis suggests itself, namely, that in the 
resting state some cells are being produced at a slow rate by the above mechanism and reside 
just outside the plasma membrane of the muscle cell, and that upon being stimulated by 
trauma, e.g. ischaemia, mechanical compression, toxic agents, etc., the rate of production of 
such cells is increased’. 
 
 ‘The second hypothesis, more in keeping with conventional notions of cytology, is that 
the satellite cells are remnants from the embryonic development of the multinucleate muscle 
cell which results from the process of fusion of individual myoblasts.  Thus the satellite cells are 
merely dormant myoblasts that failed to fuse with other myoblasts, and are ready to recapitulate 
the embryonic development of skeletal muscle fiber when the main multinucleate cell is 
damaged.  Of course, that both mechanisms might be operating simultaneously as the source 
of the “free” cells is, indeed, a further possibility, since one mechanism need not preclude the 
other’.  
 
 A third possibility is that the satellite cells are “wandering” cells that have penetrated the 
basement membrane, and are lying underneath it ready to be mobilised into activity under the 
proper conditions’. 
 ‘The correct explanation of the origin and role of the satellite cells must await the 
outcome of further studies’. 
 
 Mauro’s paper has been quoted extensively here as it is the crucial report from which the 
present studies took their origin.  His second hypothesis, that satellite cells are ‘dormant 
myoblasts, is the one most closely substantiated by these studies. 
 
 However, at about the time that Mauro published his findings, other workers were 
studying the ultrastructure of the spindles of skeletal muscle, in which they also saw satellite 
cells.  In early 1961 Katz reported on the ultrastructure of the frog muscle spindle.  He was 
particularly concerned with the termination of the efferent nerve fibres in the spindle.  He uses 
the term ‘satellite’ in two ways; to describe the ‘sensory nerve chains seen, . . . as well as 
Schwann and similar nucleated cells’ closely applied to the intrafusal muscle fibres.  In the latter 
case he states that ‘all these cells are in ‘hypectolemmal’ contact, like the sensory nerve bulbs.  
They differ from the sensory nerve endings in that [i] they do not form chains of microspindles, 
[ii] they have nuclei and their cytoplasm contains a great variety of granular and vesicular 
bodies, but not the characteristic accumulation of small mitochondria, [iii] unlike sensory 
terminals, nucleated satellite survie denervation [figure 28, Plaate 53].  Moreover her state that 
‘some of these satellites may well be derived from ‘Schwann cells which separate d from the 
axon terminals, as suggested by Robertson [1956], and that  ‘the surface of many muscle tibres 
is invested here and there with hypectolemmal satellite cells . . . even in places where they are 
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clearly not related to either motor or sensory nerves.  Their function is unknown; they are 
perhaps concerned with some stage of the development and growth of the fibre’. 
 
 Katz uses the term ‘hypectolemmal’ to describe structures lying within the basement 
membrane of the intrafusal muscle ‘.fibres, but distinct from the fibres themselves.  The 
equivalent term used elsewhere in this thesis is ‘susarcolemmal’. 
 
 From these observations it is clear that Katz recognised the satellite cell as a specific 
entity in intrafusal muscle fibres.  Though he states that ‘their function is unknown’, his 
suggestion that they are ’perhaps concerned with some stage of the development and growth of 
the fibre’ is again corroborated by the present studies.  In a personal communication Katz 
[1966] states that as far as he knows the term ‘satellite’ has been used for a long time to 
describe cells associated with neurones, and that as regard satellite cells in muscle he was not 
aware of any earlier description when he published his paper in early 1961.  He indicates 
however, that the presence of these cells had been recognised for some years previous to that 
time, and refers to a paper written five years before by Robertson. 
 
Robertson [1956a] also reported on the ultrastructure of the frog muscle spindle.  In his 
summary, he states that ‘the following kinds of axon, Schwann cell and muscle relationships 
have been observed inside the inner sheath: [1] Axon and Schwann cell together in 
perimuscular substance. [2] Axon and Schwann cell together in contact with the muscle surface. 
[3] Schwann cell alone in contact with muscle.  ‘.[4] Numerous terminating axon or Schwann cell 
twigs in contact with the muscle surface and in the perimuscular substance’. 
 
 In a personal communication, Robertson [1966] says he is not sure who saw these 
satellite cells first, but he had a number of electron micrographs in his laboratory by 1956 that 
showed the cells quite clearly.  He continues:  ‘I was not quite sure what significance they might 
have and planned to conduct serial sections studies of them before publishing anything about 
them.  I did show them to Bernard Katz and pointed out the possibility that they might been 
overlooked in the past because they lined indentations in the muscle surface and their nuclei 
could easily have been mistaken for muscle cell nuclei by light microscopy’. 
 
 It is most laudable that both Roberton and Katz, while studying the ultrastructure of the 
frog muscle spindle, with its complexity of neural and muscular elements, should nonetheless 
recognise the satellite cell as a specific entity.  It is understandable that it might have been 
confused with the Schwann cells,  hence Robertson’s ‘Schwann cell alone in contact with 
muscle’.  Both however, remain uncertain of its significance. 
 
 These accounts by Mauro, Katz and Robertson are the earliest specific reports on the 
cellular entity now known as the satellite cell.  Since 1961, a number of workers have reported 
further on the histology and ultrastructure of skeletal muscle, but without reference to the 
satellite cell.  Price [1963] in a review of electron microscope studies of skeletal muscle, with a 
bibliography of 94 references, does not mention Mauro’s [1961] report, deals only briefly with 
myonuclei, and makes no statement on satellite cells or their possible equivalent.  Ogata [1964], 
in a comparative study of red, white and intermediate fibres in the mouse, makes no mention of 
the nuclei or of possible satellite cells.  One of the species studied, the big brown bat [Eptesicus 
fuscus], would be the species most closely related to the fruit bat [Eidolon helvum Kerr] studied 
in the present work.  Satellite cells are seen in the diaphragm of the latter, and would 
presumably be seen in the former, and indeed, in all the mammals studied.  By the same token, 
Pilar & Hess [1966], studying the superior oblique muscle in the cat, make no mention of 
satellite cells, whereas they are seen in the same muscle in the fruit bat. 
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  After Mauro’s account, the next specific report on satellite cells in normal adult muscle is 
that of Muir, Kanji & Allbrook [1965], who give a detailed account of the structure of satellite 
cells in a variety of muscles from the fruit bat and white mouse.  A simple experiment was also 
performed to demonstrate that satellite cells are osmotically  
Distinct from the fibre synctium alongside them.  Satellite cells were seen in a proportion to 
myonuclei of about 10%, and were evenly distributed along the fibre, with no change in 
concentration at myotendinous or myoneural junctions.  In some cells a body resembling a 
cilium was seen.  This structure possessed nine double filaments, but no central pair, and 
extended for over 3 microns in interrupted serial sections.  Biopsies were also examined from 3-
day post-natal mice, and certain cells were seen with the appearance of satellite cells, but 
containing a few myofibrils.  It is suggested that these are also satellite cells.  This observation 
runs counter to those of the embryogenesis study described below [Section III], where myofibrils 
were never seen in satellite cells, and this question is taken up again in the discussion following 
the embryogenesis study [p ***]. 
 
 Satellite cells are mentioned in two recent reports on the structure of the muscle spindle.  
Karlsson, Andersson-Cedergren & Ottoson [1966], studying the cellular organisation of the frog 
muscle spindle, as revealed in serial sections for electron microscopy, confirm the findings of 
Robertson [1956] and Katz [1961], and describe the satellite cells, but can throw no further light 
on their possible function.  Landon [1966] also studying the ultrastructure of muscle spindles, 
records the presence of satellite cells, but again does not discuss their possible role in the 
spindle. 
 
 Several recent studies of the ultrastructure of developing muscle have furthered our 
understanding of the satellite cell.  Ishikawa [1966], in a paper entitled  ‘Electron Microscopic 
Observations of Satellite cells with special reference to the Development of Skeletal Muscles’, 
gives a detailed account of the appearances of satellite cells in a large series of human 
foetuses, from 40 mm. [10 weeks] to 260 mm. [31 weeks].  His observations very closely 
parallel those of the embryogenesis study described below in Section III.  Satellite cells contain 
denser nuclei, and would constitute a ‘stem cell population’.  They are similar to those described 
as satellite cells in Ishikawa’s study, and in the present study, and the conclusion that they are 
stem cell myoblasts is consistent with that of the present study. 
 
 Shafiq, Gorycki & Munro [in press], studying mitosis in skeletal and cardiac muscle 
during postnatal growth, indicate that mitotic figures were seen in the satellite cells, or in cells 
outside the muscle fibres, but not in the fibres themselves.  They conclude that ‘proliferation of 
the satellite cells appeared to result from mitotic activity only’, and that ‘probably some of them 
fused with the muscle fibres and contributed to the postnatal increase in the number of fibre 
nuclei’.  These authors also refer to ‘free’ cells which were frequently seen in the heart.  Some 
of these ‘free’ cells were closely associated with myocardial fibres, and ‘probably represented 
myoblasts in which myofibrils had not yet developed’. These cells were always separated from 
myocardial fibres by plasma and basement membranes.  True satellite cells were not found.  
The mitotic figures occurred only in the ‘free’ cells, and in other cells of the connective tissue 
and blood vessels, but not in the myocardial fibres.  From the observations of these authors the 
conclusion can be drawn that the ‘free’ cells described are somewhat similar to the satellite cells 
of skeletal muscle, in their behaviour, if not in their precise form and position. 
 
 Other workers haave studied the increase in number of nuclei in postnatal growth in 
muscle.  Enesco [1961] showed that the number of myonuclei increased three times in growing 
rats.  Chiakulas & Pauly [1965], also studying rats, showed that there was differentiation of 
myoblasts during the early weeks of postnatal life, resulting in the increase of muscle fibres, and 
they noted the presence, within the perimycium of many bundles of fibres, of groups of cells 
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which were undifferentiated myoblasts, with centrally  placed nuclei, and scant faintly-staining 
cytoplasm. These cells were probably satellite cells, though this was not an electron microscope 
study.  Gordan, Kowalski & Fritts [1966] estimated the increase of DNA and muscle proteins 
from 40 to 150 days in rats, and showed that DNA rose steeply to 90 days, and then stopped.  
They indicate that the number of nuclei in fibres increases without increase in fibre number.  
Though these findings were not correlated with histology, they are in keeping with the concept 
of the regular addition of myoblasts to the lengthening fibres.  MacCopnnachie, Enesco & 
Leblond [1964], studying the mode of increase in the number of myonuclei in the postnatal rat, 
also saw mitotic figures in sub-sarcolemmal cells, in normal and colchicine treated animals.  
They saw large numbers of mitotic figures in 30 g. animals, less in 100 g. animals, and only very 
occasionally in 300 g. animals.  They concluded that the mitotic index has a causal relationship 
with the increase in number of nuclei.   Though no electron microscopy was undertaken in these 
studies, there can be little doubt, again, that the subsarcolemmal cells observed were satellite 
cells.  Excellent light photomicrographs are given of mitoses in these cells. These authors refer 
to Mauro’s satellite cells, and indicate that when these cells divide, ’one or both daughters could 
pass through the plasmalemma of the multi-nucleate fiber to add to the nuclear content’.  They 
conclude that ‘if this  is valid then the satellite cells can be regarded as reserve myoblasts’, and 
the ‘this is in harmony with Schwann’s theory of fiber syncytium and successive addition of 
mononucleated cells’. 
 
 All the reports considered so far have been concerned with the appearances of 
developing and mature skeletal muscle, with the exception of the ‘free’ cells described by Shafiq 
et al [in press] in developing myocardium, which have certain features which would align them 
with satellite cells.  It is tempting to speculate whether these ‘free’ cells might not be found, if 
carefully sought, in mature heart muscle.  An intriguing paper on cardiac ultrastructure by 
Midzukami [1964] is relevant here.  Midzukami studied the cardiac muscle of crabs [Brachyura] 
from the Japan sea, and saw satellite cells lying in a subsarcolemmal position, exactly 
equivalent to those of vertebrate skeletal muscle.  He indicates though, that the structural 
organisation of the crab heart muscle is ‘similar to that of the skeletal muscle’, having no 
intercalated discs, and it is more like a single chambered tube of striated muscle.  This 
observation adds weight to the assumption that all skeletal muscle has satellite cells, even, as 
in this case, where it is in the form of a heart tube.  It still leaves open, though, the question of 
possible reserve cells in mature cardiac muscle. 
 
 In summary, there is now a very wide range of reports on the histological and 
ultrastructural appearances of normal developing and mature skeletal muscle.  Though 
mononucleated cells [myoblasts] were an obvious feature of developing muscle, the presence 
of mononucleated undifferentiated cells [satellite cells] in adult fibres was not suspected until the 
advent of electron microscopy.  Mauro [1961] was the first to recognise these cells in adult 
muscle, though Robertson [1956] and Katz [1961] had by then seen similar cells in the muscle 
spindle intrafusal fibres.  Since then other workers have seen 
satellite cells in a variety of vertebrate muscles, and they have been seen from an early stage in 
embryonic muscle.  There is still divergence of opinion over mitotic and amitotic division of 
nuclei in muscle.  Schwann [1839] has the distinction of first seeing myoblasts, Couteaux  
[1941] the distinction of first using the term ‘satellite’ for these cells in developing muscle, and 
Mauro [1961] and Katz [1961] for first using the term for these cells in adult muscle fibres and 
intrafusal fibres respectively. 
 
 
      - - - o - - - 
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b]    Studies of Pathological States in Muscle 
 
 Mononuclear cells are a regular feature of all regenerating muscle, and as with 
developing muscle, have been described from the early stages of the last century.  Authoritative 
reviews on skeletal muscle pathology are given by Godman [1958], Field  [1960], Willis [1962b], 
Adams et al [1962], and Pearce [1965].  These authors describe in detail the myoblasts or 
regenerating muscle, but no specific mention is made of satellite cells, which though only 
described in 1961, might have featured in the later reviews.  
 
Waldeyer [1865] [quoted by Field, 1960] was the first to describe mononuclear cells in 
regenerating muscle, and he named them ‘Muskelkorperchen’.  He also suggested that these 
cells might develop into a syncytium from which differentiation might occur in the direction of 
muscle fibres, or connective tissue.  Volkman [1893], 
[quoted by Godman 1958; and Firld, 1960], described two ty0es of skeletal muscle 
regenreratioin – the ‘continuous’ type, where surviving muscle fibres formed sprouts which grew 
into the damaged region, and the ‘discontinuous ‘ type, where mononucleated cells, the 
‘Muskelkorperchen’, appeared to bud off from surviving fibres, and later coalesce to form new 
fibres.  Godman [1958], reviewing the appearances of the free single cells within the 
sarcolemmal or endomycial tubes, indicates that they are of two kinds; 1] peripheral fusiform 
elements usually, but not invariably, applied against the inner wall of the tube; and 2] the more 
numerous, large, round cells with abundant cytoplasm.  The former have elongate nuclei, large 
nucleoli, and basophilic cytoplasm with filamentous polar extensions.  The round cells have one 
or two spherical or indented darkly staining nuclei with one to four granular karyosomes, and 
granular acidophilic cytoplasm.  They multiply by frequent mitosis.  Cells with features 
intermediate between these two types are also to be seen in the tubes.  These observations are 
all substantiated in the present studies, described in Section IV, where, using light and electron 
microscopy, the first type of cell, the ‘peripheral fusiform elements’ are seen to be satellite cells. 
Adams et al [1962], in their general discussion on regeneration in muscle, also refer to these 
spindle-shaped cells.  They indicate that they fuse with young muscle fibre ribbons [myotubes], 
and state that ‘with the exception of spindle cells that seem to join such ribbons in the first few 
days after injury, the persistent spindle is a degenerative phenomenon’, and that ‘by the 
sixteenth day after injury, isolated spindle cells . . .undergo regressive alterations in the form of 
intense basophilic changes in their cytoplasm with nuclear shrinkage and pyknosis’.   As it is 
now know that satellite cells appear in increased numbers in the latter stages of regeneration, 
some, if not all, of these ‘regressive’ cells were very probably satellite cells.   Pearce [1965], 
also describing the mononucleate ‘spindle myoblasts’ seen in regenerating muscle, states that 
the role which these cells play in vivo is unknown. 
 
 Thus, in contrast to earlier studies of normal adult skeletal muscle, where no 
subsarcolemmal cell was known, mononuclear cells within the sarcolemmal tubes are described 
by the majority of workers, as a prominent feature of regenerating muscle.  But even with the 
advent of the electron microscope, and the succinct description of the satellite cell by Mauro 
[1961] and others after him, the satellite cell is not mentioned as such, in the reviews outlined.  
Some of the ‘peripheral fusiform elements’ which are undoubtedly satellite cells, are described 
as ‘fusing with young muscle fibre ribbons’, or ‘regressing’.  Or playing an as yet unknown role 
in muscle regeneration. 
 
 There are, up to the present time, very few reports of satellite cells being seen in non-
experimental pathological states of muscle.  Laguens [1063], studying five patients with 
progressive muscular dystrophy, noted ‘a large number of satellite cells’ in the five biopsies 
examined, and describes them thus:  ‘In pathologic muscle fibers the satellite cells showed 
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characteristic modifications  They increased their cytoplasm, and the cytoplasmic organelles 
were more prominent, especially the endoplasmic reticulum, which appeared as dilated sacs 
and vesicles bounded by a large number of ribosomes.  A striking fact was that in what 
appeared to be regenerating muscle fibers the satellite cells attained their maximum size, 
equalling sometimes the muscle fiber diameter or getting deeply into it’.  In discussing the 
possible function of satellite cells, Laguens indicates that ‘the active pinocytotic phenomena 
observed in the satellite cells and in the sarcoplasm beneath them induce us to think that the 
satellite cell might perform a trophic function, acting as an intermediate cell between the tissue 
space and the muscle fiber.  This would be supported by the fact that they hypertophy when the 
muscle fiber is damaged and especially when it seems to be regenerating.  In this way the 
satellite cell would have an important role in muscle regeneration, although not as a reserve or 
dormant myoblast, but rather as a cell which in close relationship with the regenerating muscle 
cell affords it in a trophic way.  In our material we were not able to find evidence of a 
transformation of satellite cells in myoblasts’.  These observations are very accurate, though it is 
not quite clear what is meant by a ‘trophic’ relationship between the satellite cell and its related 
fibre.  It is noteworthy that Laguens favours a ‘trophic’ function for the satellite cell rather than it 
being a ‘dormant myoblast’. 
 
 Aleu & Afifi [1964], studying biopsy material from three cases of muscular dystrophy, 
noted that the nuclei were increased in number, and often centrally placed in the fibres, but 
mention that satellite cells were not apparent.  It is significant that these authors specifically 
looked for satellite cells, but it is somewhat enigmatic that they should have seen none when 
Laguens, also studying muscular dystrophy, saw ‘a large number of satellite cells’. 
 
 Gilbert & Hazard [1965], studying muscle biopsies from two patients with myopathy, and 
one with dermatomyositis, saw many mitotic figures in subsarcolemmal cells in damaged fibres.  
They also speak of many smaller cells with pyknotic nuclei and eosinophilic cytoplasm within 
pathological fibres, which, together with the myonuclei in intact fibres, were never seen in 
mitosis.  Their light microscopy studies were not correlated with electron microscopy, but some 
of the subsarcolemmal cells they saw were probably satellite cells. 
 
 Recondo, Fardeau & Lapresle [1966] studied eight patients with neurogenic atrophy, and 
refer specifically to the satellite cells seen.  They notice that the basement membrane 
sometimes becomes invaginated between the satellite cell and the muscle fibre, and they also 
refer to the presence of ‘formations filamentaires’ within the cytoplasm of some of the satellite 
cells, possibly representing the earliest stage of myofilament formation.  The invagination of 
basement membrane between a satellite cell and its adjacent fibre has been seen in normal 
external ocular muscles in the present studies, but its significance is hard to evaluate.  The 
cytoplasmic filaments deserve further study, perhaps with fluorescent-labelled antibody to 
detect whether they are truly actomyosin.  In the present studies, filamentous material has not 
been seen in satellite cells.  These authors also mention that satellite cells have been seen in a 
large number of pathological processes, and they conclude that the frequent appearance of 
satellite cells in the early stages of neurogenic atrophy, and their fibrillar cyoplasm, would favour 
the argument that they can become myoblasts. 
 
 Shafiq, Gorycki & Milorat [1967], in a paper entitled ‘An electron Microscopic Study of 
Regeneration and Satellite cells in Human Muscle’, investigated eleven patients with Duchenne-
type muscular dystrophy, and nine patients with polymyositis.  They state that ‘in addition to the 
myoblasts, satellite cells are commonly seen during muscle regeneration’, and that though 
some satellite ells are similar to those of normal muscle, other are more comparable to early 
myoblasts.  They note that the satellite cells are more numerous at the foci of regeneration, and 
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they conclude that their study supports the concept that satellite cells give rise to new myoblasts 
during regeneration of muscle. 
  
 A number of recent reports on electron microscopic observations of various myopathies 
mention myonuclei only briefly, if at all, and make no mention of satellite cells.  Thus Roth, 
Graziani, Terry & Scheinberg [1965], studying the Kugelberg-Welander syndrome [chronic 
spinal muscular atrophy], Ashton & Morgan [1965], describing rhabdomyosarcoma, Michalowski 
& Kudejko [1966], studying diffuse scleroderma, Cardiff [1966] studying Pompe’s disease 
[glycogenosis], Fisher, Cohn & Danowski [1966], studying muscular dystrophies of different 
types, Engel [1966a] studying thyrotoxic and corticosteroid induced myopathies, Engel [1966b], 
studying primary hypokalemic and thyrotoxic periodic paralysis, and Boehme, Thermann & Gold 
[1966] studying chronic ischaemia, all make no reference to satellite cells.  Fisher et al indicate 
that in seven patients with diabetes, muscle biopsies paaeared normal.  The inference from 
these reports is that either these workers are aware of the satellite cell, but consider it incidental 
to their study, or they are unaware of it.  In either case, this is to be regretted, in that if the 
satellite cell is the reserve myoblast of skeletal muscle, its behaviour in all types of myopathy 
should be of primary interest to workers in this field. 
 
 In summary; on the negative side, it is tantalising that many observers, in comprehensive 
studies of a wide range of myopathies, should have come short of recognising or describing the 
satellite cells, which from the reports of those who have seen them, are undoubtedly present.  
On the positive side, observers who have seen the satellite cells in various myopathies indicate 
that they are seen more frequently than normal, in some cases, along with myoblasts and 
intermediary forms, as seen by earlier workers in light microscopy [Godman, 1958].  Laguens 
[1963] suggests a ‘trophic’ function, whereas Recondo et al [1966] and Shafig et al [1967] 
conclude that they can give rise to myoblasts. 
 
 
      - - - o - - - 
 
 
c] Experimental Studies of Myopathy and Regeneration 
 
 There are a number of problems associated the study of clinical pathological states; 
sampling is difficult, lesions are never ‘standard’, and clinical material may only appear 
haphazardly.  Recovery of clinical biopsy material for electron microscopy also has its own 
particular problems.  It is understandable therefore, that the majority of investigations into 
myopathology are conducted in the laboratory, using standard techniques and experimental 
animals.  Three main techniques, used singly or in various combinations, have been developed.  
1]  Observation, in light and electron miscoscopy, of experimental lesions.  2] Labelling 
techniques, such as tritiated thymidine.  3] Tissue culture.   The literature is formidable, and is 
largely covered in the reviews, already mentioned, by Godman [1958] Field [1960], Willis 
[1962b], Adams et al [1962] and Pearce [1965].  |The majority of the papers to be summarised 
here have appeared in recent times, and would not therefore feature in the earlier four reviews.  
The work of Speidel [1938], and Le Gros Clark and his colleagues [Le Gros Clark & Blomfield, 
1945; Le Gros Clark 1946; Le Gros Clark & Wajda, 1947] is however worthy of mention in that it 
formed a basis for much subsequent work. 
 
1]  Experimental Lesions 
 
 The most commonly employed techniques of skeletal muscle injury are  
simple transection, or crushing, of limb muscles in mice, rates of rabbits. 
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 Lash, Holtzer & Swift [1957] partially transacted the tibialis anterior in young adult mice, 
and observed the muscle regeneration with light microscopy and photometric analysis of 
nuclear DNA.  They showed that mitosis occurs only in the mononucleated cells prominent in 
the early stages of regeneration, and not in multinucleated masses.  They found no evidence of 
amitosis. 
 
 Hay [1959], studying the regeneration of amputated Amblystoma punctatum limbs, 
showed that the syncytial muscle fibres of the stump become transformed into undifferentiated 
mononucleate cells during the 2 – 6 day period after amputation.  She indicates that the ‘new 
plasma membranes separatinv muscl fragments appear to be formed by fusion of small vesicles 
which are probably derived largely from the endoplasmic reticulum’.  This view, that 
mononucleate cells in regenerating muscle are derived from fragments of the disrupted 
syncytium, is now largely discredited in mammalian muscle, but the appearance of numerous 
mononucleate cells in the regenerating newt limb stumps is essentially the same as that seen in 
regenerating mammalian muscle. 
 
 Allbrook [1962] studied crush lesions of the tibialis anterior in mice and rabbits, in light 
and electron microscopy.  He concludes that the mononuclear cells seen within the 
regenerating fibres undergo mitotic division and multiple fusion to produce a multinucleate 
myotube, but he also indicates that ‘muscle nuclei from the crushed area gain a cytoplasmic 
envelope and these cells are engaged in phagocytosis of sarcoplasm’.  The implication here is 
again that myonuclei can survive disruption of the sarcoplasm, take up viable cytoplasm and 
become myoblasts, which may then exhibit phagocytic properties.  A distinction is made 
between these cells and ‘true macrophages’.   Some mononuclear myoblasts are also seen to 
contain actomyosin.  Satellite cells are not mentioned as such in this paper, though they were 
undoubtedly seen, as illustrated in Plate 2, [Fig.4 [A], ‘subsarcolemmal cell’]. 
 
 Litver [1964] demonstrated that certain muscles in the limbs of rats have a remarkable 
potential for regeneration, following subtotal excision.  If there was total resection, there was no 
significant recovery.  When a muscle was excised, minced, and replaced, there was also no 
positive result.  No electron microscopy was undertaken in these studies, and satellite cells are 
not specifically mentioned.  However, ‘long basophilic myosymplants’ are described, ‘springing 
up from the surviving areas of injured myons’ and ‘splitting from the irritated and not directly 
injured muscle fibres’.  It is suggested that these two sources of cells ensure the regeneration of 
the muscle.  Though the terminology here is somewhat quaint, the observations are accurate, 
and entirely in keeping with those of the present studies. 
 
 Betz & Reznik [1964] studied regeneration after ischaemia, using Le Gros Clark’s 
method in rabbit tibialis anterior, and following transection.  The regenerative phenomena were 
essentially the same in the two types of injury.  They suggest that regeneration by sprouting is 
only possible as isolated muscle cells are added to the sprout.  They show that muscle ribbons 
[myotubes] which form independently of the damaged ends of other fibres, grow by progeessive 
fusion of mononuclear cells.  They disagree with Allbrook [1962] in that they never saw 
myofilaments in mononuclear cells, even at the moment of fusion.  Though they do not mention 
satellite cells as such, they refer explicitly to the mononucleated elements and the important 
part they play in regeneration. 
 
 Allbrook & Kirkaldy-Willis [1964], and Allbroook, Baker & Kirkaldy-Willis [1966], report on 
experimental studies of the Injured Limb Syndrom.  They simulated the clinical situation by 
fracturing the fibulae of anaesthetised vervet monkeys with a descending weight.  They studied 
only light microscopy sections, and correlated their findings with biopsies from patients.  The 
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degree of trauma varied considerably, though the processes of regeneration were similar to 
those seen in other experimental lesions.  In discussing the satellite cell, they indicate that is 
can be provisionally thought of as a premyoblast.  
 
 Church, Noronha & Allbrook [1966] using a standard crush injury to the web muscles of 
the fruit bat, analysed the cellular responses during regeneration, in light and electron 
microscopy.  This work is described in more detail in Section IV below, and a reprint is attached 
at the end of the thesis. 
 
 The studies considered so far were all on transected or crushed muscle.  Other workers 
have observed the effects of heat or cold on muscle.  Shafiq & Gorycki [1965] studied the light 
and electron microscopic appearances of regeneration following heat coagulation of a small 
areas [1.5 x 2.0 mm] of tibialis anterior in young mice.  They saw satellite cells ‘much more 
commonly in the muscle fibre from the area of the wound than in those from normal uninjured 
areas’.  They indicate that ‘the general appearance of the new myoblasts is also very similar to 
that of the satellite cells’, and that ‘it therefore seems likely that new myoblasts may be 
produced from satellite cells.  Large numbers of nuclei, however, are also seen in the young 
sarcoplasmic buds that grow out from the ends of the old fibres; their mode of origin is not 
clear’. 
 
 
 Price, Howes & Blumberg [1964a, 1964b] studied the ultrastructural alterations in skeletal 
muscle injured by cold, in the tibialis anterior of rats.  They describe the acute degenerative 
changes, and note that the basement membrane remains intact.  They then describe the 
subsequent ‘discontinuous’ type of regeneration, and though they do not mention satellite cells, 
they describe subsarcolemmal spindle-shaped cells which could be equivalent to them.  They 
give an excellent photomicrograph [p.1282] showing very clearly the distinction between a 
subsarcolemmal spindle-shaped cell [a satellite cell?], and macrophages alongside it, within the 
basement membrane of a damaged fibre. 
 
 Other workers have studied the effects of ischaemia on skeletal muscle.  The work of 
Betz & Reznik [1964] has already been mentioned in their combined study.  Moore, Ruska & 
Copenhaver [1956] applied tourniquets to the legs of mice, but only examined the injured 
muscle within hours of injury, and make no mention of nuclei or of possible satellite cells.  
Holden, De Palma, Drucker & McKalen [1965] caused haemorrhagic shock in rats, by bleeding, 
and examined the ultra-structural changes in the diaphragm and other tissues.  They noted a 
‘bow-tie’ appearance of the sarcomeres, and alterations in the disposition of the chromatin in 
the myonuclei, but say nothing of the satellite cells. 
 
 The effects of experimental denervation of skeletal muscle were studied by Lee & 
Altschul [1963], who transected the sciatic nerve in rabbits and mice.  They record that the 
myonuclei are crowded together in atrophic fibres, and they favour amitotis as a means of 
myonuclear increase.  They saw only one mitotic figure in the whole study.  Though they 
specifically studied the myonuclei, it is rather enigmatic that they did not notice or mention 
satellite cells.  It is also difficult to tell whether the crowded myonuclei in atrophic fibres are due 
to division or to approximation following the injury, or to both factors.  Lee [1965], in a further 
study of denervated skeletal muscle, following sciatic nerve section in rabbits and rats, states 
that ‘free’ cells are seen more frequently in denervated than in normal muscle, and that they are 
similar in ultrastructure and location to the satellite cells of Mauro, in the early, but not in the late 
stages of denervation.  As a means of formation of these ‘free’ cells, Lee suggests the process 
of ‘potocytosis’, or protrusion of part of the cytoplasm and its organelles, with or without a 
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nucleus.  In this case presumably, the ‘free ‘ cells [satellite cells’] seen within muscle 
sarcolemmal tubes would be formed by extrusion of a myonucleus and some cytoplasm. 
 
 Pellegrino & Frenzini [1963], in an electron microscope study of denervation atrophy in 
red and white muscle, record that the nuclei were often found in long longitudinally arranged 
rows, occasionally centrally placed in the fibres.  They mention an occasional dissociation of the 
basement membrane from the cells beneath it, but make no mention of satellite cells. 
 
  
Though experimental atrophy is relatively easy to achieve, by section of the nerve to the 
muscle, experimental hypertrophy is less easy to achieve.  Venable [1964], treating adult 
castrated rats and mice with testosterone, demonstrated a great enlargement of the levator ani 
muscle, with increase in diameter of the fibres,l but no change in the number of myonuclei or of 
the total DNA content of the muscle.  Following castration alone, there was atrophy of the 
levator ani, again with no change in the number of myonuclei.  Venable saw satellite cells in the 
proportion of 5% of the nuclei, and states that ‘there was evidence that they might be identical 
to, and interchangeable with pericytes’ though he does not elaborate on the evidence. 
 
 Another form of muscle atrophy is produced by malnutrition.  Chauhan, Nayak & 
Ramalingaswami [1965] studied the effects, on the heart and skeletal muscle, of experimental 
protein malnutrition in young rhesus monkeys.  After 4 wk of malnutrition, skeletal muscle 
showed sarcoplasmic degeneration of some fibres and variation in size of fibres.  
Subsarcolemmal nuclei were swollen and prominent, suggestive of some degree of 
proliferation.  Later, segmental collapse of the sheath, with crowding of the nuclei, was noted, 
followed subsequently by advanced atrophy and fibrosis.  Though satellite cells, or their 
equivalent, are not mentioned, it could be asked again whether the ‘crowding of the nuclei’ was 
due to some attempt at proliferation of the satellite cells under those conditions. 
 
 Certain processes, occurring during muscle regenertion, can be inhibited by specific 
agents.  In this way, more can be leart about the importanace and timing of these processes.  
Thus colchicine, which inhibits mitosis and metaphase, as used by Pietsch [1961], to study its 
effects on regeneration of mouse skeletal muscle.  The tibialis anterior was transacted and 
colchicine injected locally.  When colchicine was given during the period of greatest cell division, 
regeneration was almost completely curtailed.  These results favour the view that mononuclear 
myoblasts increase by mitosis to reform damaged fibres.  It could also be added that is the 
amitosis was an important factor, regeneration should not have been affected, assuming that 
colchicine would only affect the metaphase stage of mitosis.  Pietsch [1964] also inhibited 
myogenesis by using Actinomycin D, which complexes with DNA and therefore prevents 
synthesis of RNA.   
Following tibialis anterior transections in mice, Actinomycin D was given at 24, 48, 72, and 100 
hr after injury, the animals being fixed 5 days after injury.  The recovery pattern was normal-
looking for each period except the 72 hr period, where there was severe depression of 
regeneration.  The conclusion is drawn that myogenesis in regeneration depends on new RNA 
from new nuclei.  Then Williams & Pietsch [1965] studied the time-related inhibition of 
regeneration by x-irradiation.  A local dose of x-rays with 525r, at periods up to 42 hr after 
tibialis anterior transection in mice, led to severe inhibition of regeneration.  All animals were 
fixed 6 days after injury.  The implication here is that x-rays depress the critical initial division of 
myoblasts. 
 
 These three reports, though making no mention of satellite cells, demonstrate that 
regeneration is dependant on the appearance of myoblasts and new nuclei, and on no other 
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mechanism.  This would highlight again the importance of the satellite cell, particularly if it is the 
only source of myoblasts in regenerating muscle. 
 
 There are many reports on the effects of bacterial infection in muscle, but only one as yet 
which specifically mentions satellite cells.  Palmer, Rees & Weddell [1965], studying the site of 
multiplication of human leprosy bacilli inoculated into the footpads of mice, report that small foci 
of densely packed bacilli, having the appearance of micro-colonies, were situated in and closely 
adjacent to striated muscle fibres.  The majority of viable organisms lay either free in the muscle 
fibres or in satellite cells within the fibres.  Of the Mycobacteria only Mycobacterium leprae 
seemingly has a predilection for striated muscle fibres.  None of the other species is taken up 
by, or multiples in, muscle fibres or satellite cells.  These authors also make the interesting 
comment that satellite cells might be related in some way to Schwann cells, in that the latter are 
affected by Myco. Leprae.  However, in a later experiment Rees Waters, Weddell & Palmer 
[1967], having depressed immunological responses by thymectomy or total body irradiation, 
achieved a much more widespread infection of mice inoculated with Myco leprae – more like the 
clinical features of human leprosy.  Despite this, and the observed spread to muscle, in 
‘vacuoles in muscle fibres’ no further mention is made is of satellite cells, or the presence of 
increased numbers of organisms in them.  These two papers are relevant to one of the studies 
in the present work, where Mycobacterium buruli organisms were inoculated into bat web 
muscles, causing gross disorganisation of the muscle fibres, but without penetration of the 
organisms into muscle fibres or satellite cells, [q.v. p ***] 
 
 A completely different technique from any described so far is that of Edelman, Kniggs & 
Schwartz [1965], who devised a method of isolation of skeletal muscle nuclei from normal 
muscle, following a sequence of mincing, homogenising, filtering and centrifuging of rat skeletal 
muscle.  About 15% of myonuclei were obtained morphologically intact.  Numbers of other 
nuclei did not sediment in the high density sucrose solution used, but remained on the surface, 
and the comment is made that ‘these unsedimented nuclei may differ intrinsically in shape, 
density and other properties,  Satellite cells are not mentioned in this study, though the 
technique has great potential for further development, and it is just possible that some of the 
‘unsedimented’ nuclei were in fact satellite cells. 
 
 In summary, despite the diversity of experimental lesions and methods employed in the 
study of skeletal muscle regeneration, the response of the muscle is remarkably uniform;  
spindle-shaped cells are seen, sometimes in large numbers, in early lesions, then large 
myoblasts appear and fuse to form new fibres.  It is however, again somewhat disturbing to note 
that of the 23 published reports summarised here, 19 of which appeared after Mauro’s [1961] 
paper, the satellite cell is only mentioned in 5, though spindle cells seen and described in about 
half the papers.  Even when described, there is considerable divergence of opinion over the 
origins, nature and function of this cell.  Then Venable [1964] considers it ‘identical to, and 
interchangeable with pericytes’, Lee [1965] considers it derived by ‘potocytosis’, Palmer et al 
[1965] suggest a possible relationship to the Shwann cell of peripheral nerve, and only Shafiq & 
Gorycki [1965] consider it truly a myoblast.  If it is not just a myoblast, but the only source of 
myoblasts available to skeletal muscle, as suggested indirectly by the work of Pietsch [1961 and 
1964], and Williams & Pietch [1965], it becomes all the more important that this cell should be 
more widely known, and is morphology and behaviour analysed in all studies of myopathology. 
 
      - - - o - - - 
 
 
2.   Labelling Techinques in Expermental Myology. 
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 A major difficulty encountered in the study of all cellular activity is that of elucidating a 
dynamic sequence of events from static histology or cytology.  If a problem can be standardised 
or synchronised, or if various inhibitors are given to arrest specific phases, then a more 
comprehensive picture can be built up.  But ever under theoretically ideal conditions, there 
would still be biological variation, rendering it difficult to interpret the behaviour of individual 
cells.  In an attempt to follow the course of pecific cells, various labelling techniques have been 
devised.  Thus macrophages can be labelled with carbon particles, which they ingest but train 
unabsorbed in their cytoplasm.  Radioactive isotopes have now been extensively used to 
develop a range of sophisticated labelling techniques.  The commonest of these is perhaps 
tritiated thymidine, which is incorporated into the DNA of dividing cells, and due to the relative 
stability of DNA, is retained, and carried over into the nuclei of daughter cells.  Autoradiographic 
techniques then reveal the cells containing a concentration of the radioactive substance 
[Leblond, Messier & Kopriws, 1959; Messier & Leblond, 1960]. 
 
 These techniques have been applied to the study of muscle, both in vivo and in vitro.  In 
the studies to be summarised here, tritiated thymidine was administered in vivo to experimental 
animals. 
  
 Bintliff & Walker [1960] injected tritiated thymidine before and after muscle injury in mice.  
When injections were given prior to muscle injury, leucocytes became labelled, and large 
numbers of these invaded the wound area, persisted for varying periods of time and then left 
without becoming permanently involved in the regeneration of new tissue.  Cells participating in 
the formation of new muscle fibres became labelled when thymidine-H3 injections were given 
after injury.  Nuclei were first labelled in the injured muscle fibres, then appeared in myoblasts.  
The myoblasts fused to form myotubes which developed into normal skeletal muscle fibres.  
Thus the conclusion is drawn that new muscle fibres were ‘derived mainly or entirely from 
elements of injured muscle fibres’.  As satellite cells were unrecognised at that time the not 
unreasonable suggestion is made that ‘apparently, muscle cells are capable of undergoing 
extensive cytoplasmic dedifferentiation without losing their identity’. 
 
 Kitiyakara & Angevine [1960], using autoradiography in crush lesions in rat muscle, 
demonstrated that myonuclei did not synthesize DNA, whereas mononucleated cells in the 
injured area did.  They refer to spindle-shaped cells within injured sacrolemmal tubes, though as 
they did no electron microscopy, it can only be presumed that these were satellite cells.  They 
also did an autologous graft study, transplanting small grafts of muscl into the omental bursa.  
These autografts showed regeneration, indicating that budding from intact stumps of injured 
muscles is not essential to the process of regeneration. 
 
 O’Steen & Walker [1960] gave tritiated thymidine intraperitoneally into normal adult news, 
and demonstrated that tissues having the greatest number of labelled cells were epidermis, 
epithelia of the digestive tract, haemopoetic tissues and germ cells.  Labelled nuclei were not 
usually seen in muscle, bone or cartilage.  This substantiates the fact that in normal muscle 
there is little or no cell turnover, at least in newts. 
 
 Walker [1963], studying the origin of myoblasts and the problem of dedifferentiation, used 
tritiated thymidine in injured muscle of normal and dystrophic mice.  In one experiment, tritiated 
thymidine was given two days after a muscle incision, and a further incision, transecting the first 
by 45 degrees, was made 10 days later.  The animals were sacrificed 4 – 8 days after the 
second injury.  Under these conditions it was possible to distinguish between the fibres of the 
first injury, which by then contained eosinophilic cytoplasm, and those of the second injury, 
containing basophilic cytoplasm.  Radioacgtive muclei were found in both, consistent with the 
hypothesis that new muscle fibres are formed by cells originating from within the injured fibres’.  
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But this would not exclude the possible participation of other cells from outside the tubes.  So in 
a second series of experiments, the connective tissue overlying the muscle was injured first, 
tritiated thymidine given the next day, the muscle injured after 2 days, and the animal sacrificed 
4 days later.  Here the connective tissue cells were heavily labelled whereas the myonuclei 
showed only weak reactions.  A modification of this experiment was to make the same 
connective tissue lesion, give higher dosage of tritiated thymidine, delay the muscle injury for 14 
days, and sacrifice the animal 4 days after that.  In this case, fewer connective tissue cells were 
labelled and there were ‘no reactions over myotube nuclei, except in one case’.  The conclusion 
is drawn that connective tissue cells do not participate in muscle regeneration, . . . that skeletal 
muscle can dedifferentiate to a remarkable degree but re-differentiate into skeletal muscle 
without indication of its having formed any other type of cell’. 
 
 Zhinkin & Andreeva [1964] incised the Sartorius muscle in rats, injected tritiated 
thymidine and sacrificed the animals 2 – 6 days later.  They saw, within 2 days of the operation, 
a large number of thymidine-H3-labelled nuclei and a high mitotic index at the ends of the 
severed muscle fibres.  At later stages, the labelled nuclei moved into the muscle buds, where 
there was little division.  Though these workers used only light microscopy and do not mention 
satellite cells, they saw certain ‘nuclei’ with a basophilic rim of cytoplasm, and they also noted 
that certain ‘nuclei migrate from undestroyed areas of muscle fiber, where they have proliferated 
by mitosis, and accumulate in muscle buds’.  It is most probable that these ‘nuclei’ were satellite 
cells. 
 
Pietsch & McCollister [1965] studied the timing of mitosis in regenerating muscle, using tritiated 
thymidine and the antiobiotic phleomycin which inhibits DNA synthesis without interfering with 
RNA or protein synthesis.  They showed that thymidine-H3 is incorporated in three waves at 42, 
52, and 64 hr after injury.  Though, again, no mention is made of satellite cells, the presumption 
can be made here that at least the first wave of mitotic divisio is that of satellite cells which have 
survived the injury or moved into the injured area. 
 
 Bateson, Woorow & Sloper [1967] also conducted muscle crush experiments, using 
tritiated thymidine.  In one pair of animals, one gastrocnemius was injured 48 hr after injection of 
tritiated thymidine.  In three other pairs of animals, one gastrocnemius was injured 6 hr before, 
and the other injured 12, 24, and 48 hr respectively, after tritiated thymidine injection.  The 
animals were sacrificed 8 days after the second injury.  On autoradiography, all lesions were 
found to contain well-labelled nuclei.  The authors were particularly struck by the well-labelled 
nuclei in the lesions of the first pair of animals.  They suggest that, as circulating tritiated 
thymidine is reduced to unrecordable levels within hours of injection, it must have been brought 
into the lesions in the nuclei of cells which incorporated it soon after its administration.  They 
therefore draw the remarkable conclusion that myoblasts can arise from a circulating source of 
cells.  This intriguing concept is of fundamental biological importance, and of direct relevance to 
the present studies, as it would provide an alternative supply of myoblasts from any local source 
within the muscle.  This question is taken up in the general discussion of Section V p ***.  At this 
point, it is appropriate to indicate that this work stands apart from others reviewed here, in view 
of the conclusions drawn. 
 
In summary, autoradiographic studies of muscle, using tritiated thymidine, have shown that 
DNA synthesis in normal muscle is minimal, whereas in regenerating muscle it is well marked 
but confined to the mononuclear cells, which are themselves derived from the injured muscle 
fibres, or possibly for a ‘circulating source, but not from connective tissue cells or leucocytes.  
The above studies were not correlated with electron microscopy, so that, though spindle-shaped 
cells are referred to, it can only be presumed, from other studies, that they were probably 
satellite cells. However, the obvious inference from these studies is that the satellite cells, being 
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the only mononucleated cells within normal fibres, are the cells ‘originating from within injured 
fibre’ in regenerating muscle, and ‘dedifferentiation’ of muscle cells need not occur.  There is a 
clear indication here, again, for future studies to be combined with electron microscopy, to 
ensure the more certain identification of individual labelled or unlabelled cells. 
 
 
3.    Tissue Culture of Muscle 
 
 The tissue culture of skeletal muscle in a well-established technique, developed over the 
last fifty years.   It offers the advantages that the medium in which cells are grown can to some 
extent be controlled, and that cells can be observed over long periods of time, and studied in 
their individual and collective behaviour.  The studies summarised here are those which have a 
bearing on the behaviour of mononuclear cells derived from muscle. 
 
 An excellent early account was that of Lewis & Lewis [1917], using 7 – 11 day old chick 
embryos in tissue culture.  They saw mononuclear cells growing out from a muscle explant 
before muscle fibres.  Mitoses were seen in mononuclear cells, but not in muscle buds 
containing many nuclei.  Neither was direct division of myonuclei observed.  A comparison is 
made between the two mechanisms, as seen in culture and in regeneration in vivo, by which 
new muscle fibres are formed, that is, the multiplication and fusion of young myoblasts, and the 
extension of old fibres by protoplasmic buds. 
 
 Chevremont [1940] using 7 – 13 day chick embryo material, also saw free cells 
emigrating out of muscle explants, within a few hr of setting up cultures.  He classifies these 
cells as a misture of fibroblasts and macrophages arising from the mesenchyme of the muscle, 
and also ‘des cellules de type myoblastique’ containing on or two nuclei, of differing forms, but 
all multiplying by mitosis.  As against this, a case is made for the direct division of myonuclei, 
without mitosis:  ‘Apres de nombreaux essays infructueux cette division directe a pu etre suivie 
sur le vivant dan deux cas’.  Even here, however, the two nuclei ‘restent contingus’.  Other 
observations lead to the conclusion that muscular elements can become transformed into 
macrophages.  This can be compared with Allbrook’s reference to myoblasts exhibiting 
‘phagocytic properties’. 
 
 Pogogeff & Murray [1946], studying the behaviour of adult mammalian skeletal muscle in 
vitro, also saw isolated spindle-shaped cells emigrating from muscle explants.  They state that 
isolated mononuclear cells of both large and average size could be seen in mitosis, and the 
‘some of these could have been muscle cells, but thus far the fate of a large mitotic cell has not 
been traced’.  It is also stated that the multiplication, in vitro, of myonuclei is ‘chiefly amitotic’, 
though the evidence given for this is not clear.  
 
 Thus, from these earlier studies, several facts emerge; spindle-shaped cell cells grow out 
of embryonic and adult muscle explants, and divide by mitosis; evidence for amitotic division of 
myonuclei is equivocal. 
 
 Holtzer, Marshall & Finck [1957] analysed myogenesis in vitro, using chick embryo 
material and fluorescent antimyosin to reveal the site and amount of actomyosin formed in the 
developing fibres.  They showed that mononucleated cells fused to form multinucleated cells, 
which then laid down actomyosin.  Holtzer, Abbott & Lash [1958], in further similar studies, 
confirm that myotubes are formed by fusion of mononucleated cells, as directly observed in 
tissue culture.  Abundant mitotic figures were seen amongst the mononucleated cells, but not 
within myotubes.  An interesting observation was that myonuclei were mobile within myotubes, 
and could move over 80 microns within an hour. 
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 Capers [1960], using 13-day chick embryo material, obtained similar results.  He 
concludes that ‘myoblast fusion was the only way of giving rise to multinucleation’.  He also 
observed nuclear migration within myotubes, and saw that, as myonuclei moved, they tended to 
rotate, leading to a folding of the nuclear envelope, so that lines appeared.  He suggests that 
this appearance has probably been interpreted as fission in the past, but these lines disappear 
as the nuclear membrane unfolds later on. 
 
 Konigsberg [1961] modified these techniques by treating cultures of 11 – 12 day chick 
embryo muscle with nitrogen mustard.  He showed that at concentration levels that would 
profoundly inhibit DNA synthesis, nitrogen mustard did not block the formation of multinucleate 
cells, indicating a marked distinction between the two processes.  He also only saw mitotic 
figures in mononucleated cells, and never in multinucleated cells.  
 
 Holtzer [1961] and Stockdale & Holtzer [1961], using 3-day and 10-day chick embryo 
material, improved on previous studies by the concurrent use of tritiated thymidine, to detect 
DNA synthesis, and fluorescin-labelled antimyosin antibody, to detect myosin.  From this is was 
shown the presumptive myoblasts synthesizing DNA did not concurrently synthesize myosin, 
and conversely differentiating muscle cells synthesizing myosin did not concurrently synthesize 
DNA.  They also showed that the multinucleated muscle fibre is the product of cell fusion, and 
that mixed cultures, of 3-day and 10-day myoblasts, would fuse under suitable conditions to 
form single myotubes. 
 
 Konigsberg [1963], studying single cells in tissue culture, indicated that myoblasts, 
bipolar cells and central nuclei, could be distinguished morphologically from fibroblasts.  If a 
single myoblast was isolated, it could give rise to a huge colony of myoblasts, which fused 
progressively to give muscle fibres.  The nuclei of the earliest myotubes, under these 
conditions, would have passed through 4, 6, or 8 divisions.  In later similar studies, Konigsberg 
[1964] indicates the importance of the nutrient medium, the essential components of which are 
frequently synthesized by the cells themselves.  If the volum of the medium is too great these 
essential constituents are diluted out, and differentiation does not proceed.  Differentiation is 
favoured by maintaining cells iin a compact mass.  These observations are of considerable 
value in analysing the behaviour in vivo of satellite cell and myoblasts. 
 
 Yaffe & Feldman [1964] treated muscle cultures with Actinomycin D, a potent inhibitor of 
DNA-dependant RNA synthesis.  Mononucleated cells in these culture lost their nucleoli rapidly, 
and were destroyed 24 – 48 hr later.  However, differentiated fibres remained intact and 
functional for much longer, and were seemingly resistant to Actinomysin D, even though it 
penetrated the fibres and inhibited some RNA synthesis.  It is therefore concluded that protein 
synthesis in well-differentiated fibres, is dependent on relatively stable RNA.  Stockdate * 
& Holtzer [1964] showed that presumptive myoblasts, obtained by treating 11-day chick embryo 
muscle with trypsin, multiplied in vitro to form myotubes by the 4th or 5th day.  However, when 
exposed to bromodeoxyuridine, a thymidine analogue, they incorporated it into their nuclear 
DNA, and were then inhibited from forming myotubes or synthesizing myosin.  They continued, 
however, to synthesize the various species of molecule needed for cell replication.  The 
implication form these two unrelated studies would seem to be that the phenomena of mitosis, 
fusion and muyosin synthesis are distinct, both in their DNA and RNA control systems, in that 
these systems are themselves differentially sensitive to specific poisons.  These observations 
are relevant to the discussion [Section V] on the genetic constitution of satellite cells, which 
always remain distinct from their adjacent muscle fibres, never synthesize myosin, and retain 
the ability to divide by mitosis. 
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 Yaffe & Feldman [1965] considerably expanded on the work of Stockdale & Holtzer 
[1961] in the study of the formation of hybrid multinucleated muscle fibres from myoblasts of 
different genetic origin.  They showed that labelled and unlabelled cells from different species 
[calf, rabbits and rats] formed hybrid fibres.  By contrast there was no function between widely 
differing cells, such as muscle and kidney cells, cultured together.  They assert that a ‘cell-to-
cell recognition mechanism operates at the level of aggregation, preceding the actual fusion 
process’.  This would indicate that there is a relatively non-specific system operating on the 
surface of myoblasts which are ready for fusion, permitting the fusion of mixed cells of differing 
genotype, at least in vitro. 
 
 Okazaki & Holtzer [1965] studied further the properties of the cell surfaces of myoblasts.  
They showed that the surface of cells in the S, G2, or M phases of the mitotic cycle differed 
form those in G1.  They confirmed again that cells synthesizing myosin never exhibited mitosis.  
They also suggest that the progeny of presumptive myoblasts may differ, one daughted 
developinig another dividing presumptive myoblast, and the other daughter developing into a 
non-dividing myoblast synthesizing myosin.  The same authors [1966] developed these studies 
furtherm by showing that cells in the S, G2 and M phases of the mitotic cycle could not fuse, 
that cells in mitosis often adhered to, but were never incorporated into, myotubes, and that 
fusion was initiated by the recognition of homotypic cells.  They also suggest that presumptive 
myoblasts must pass through a ‘critical’ division before one or both daughter cells are able to 
initiate the synthesis of myosin in the following G2 phase.  These observations are taken up in 
the discussion a possible model for myogenesis, in Section V, p*** 
 
 In summary, the technique of tissue culture of muscle has in recent years been 
considerably developed, and combined with techniques for labelling and inhibition of cells, to 
yield a great deal of information about the nature and behaviour of muscle cells in culture.  In all 
studies, the mononucleated cell, arising early from explanted muscle , commands attention as 
the progenitor of myoblasts which fuse to form new fibres.  The phenomena of mitosis, fusion 
and myosin synthesis are physico-chemically distinct, and probably related to distinct DNA – 
RNA systems.  The concept of amitosis is largely, if not finally, discredited. 
 
 It is of considerable relevance to this present work to note that though spindle cells are 
seen by all workers, the satellite cell is not mentioned as such, although 10 of the 16 studies 
summarised here have appeared since Mauro’s [1961] description of the satellite cell.  This is 
not to say that satellite cells should be recognised in tissue culture.  This may in fact be 
possible, as techniques become more refined, but with present criteria the satellite cell in only 
recognisable as it is seen lying beneath a basement membrane of a well-developed mature 
fibre.  The implication from these studies is that it is the satellite cell which migrates out of 
muscle explants in culture, and is if this is so, a great deal can be inferred about its behaviour in 
vivo, from these tissue culture studies. 
 
      - - - o - - -  
 
General Summary of the Historical Review  
 
 In order to avoid summarising, in chronological order, a long list of unrelated studies on 
mononuclear cells in skeletal muscle, reports were studied in three groups; those on the normal 
morphology of developing and adult muscle; studies of pathological states in muscle; and 
experimental investigations.  The salient fact arising from the first group is that though 
mononucleated myoblasts are an obvious feature of developing muscle, and have been 
recognised for over 100 years, undifferentiated mononuclear cells in adult muscle fibres were 
not suspected until the descriptions of Mauro [1961] and Katz [1961], who named them satellite 
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cells.  Later reports have further established the place of the satellite cell in the morphology of 
normal skeletal muscle.  In the second group, the majority of workers do not mention or 
describe the satellite cell, but those who do, indicate that in general it is found in increased 
numbers in pathological muscle, and that is it seen, in some cases, together with large numbers 
of myoblasts and intermediary forms.  In both these groups there is divergence of opinion over 
the possible function of the satellite cell, thought the dominant suggestion is that it is a reserve 
myoblast. 
 
 In the third, and largest, group covering experimental investigations, reports are 
considered in three sub-groups; experimental lesions; labelling techniques; and tissue culture.  
In the first of these, though there is uniformity of description of the general process of 
regeneration following injury, the satellite cell is only mentioned in a few of the studies to date, 
and there is again considerable difference of opinion about the origins, nature and function of 
this cell.  In the latter two, though a wide range of sophisticated labelling and tissue culture 
techniques is covered, and though mononucleated and spindle-shaped cells in muscle are 
extensively studied, satellite cells are not mentioned at all.  They can however, generally be 
equated with the spindle-shaped cells, so that much can be learnt of the probable behaviour of 
satellite cells in vivo, from these studies. 
 
 In the majority of cases, in the published work summarised here, the comment has been 
made that much more could have been learnt had the studies been combined with electron 
microscopic study of the same material.  There is still much to be learnt about the structure and 
function of the satellite cell, and it is to be hoped that in future studies, established techniques of 
investigation will be developed further, in combination with electron microscopy, to considerable 
advantage, in this field. 
 
 
      - - - o - - - 
 
 
 
 
 
      Section II 
 
MORPHOLOGY  OF  THE  SATELLITE  CELL 
 
 
 
The general morphology of the satellite cell of 
skeletal muscle is well described in the initial 
reports of Mauro [1061], and Muir et al [1965].  
It has now been seen in skeletal muscle in a 
wide range of species, from amphibia to man, 
so it is reasonable to presume that it is a 
regular feature of all skeletal muscle.  It has 
certain morphological features which enable it 
to be recognised without difficulty in the 
electron microscope, despite the fact that it 
may not be seen frequently, due to the sampling problems inherent in electron microscopy. 
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This cell is always found lying within the basement membrane of the muscle fibre.  It is always 
single, though it is not infrequently seen lying close to a myonucleus of the adjacent fibre 
syncytium.  In normal muscle it exhibits a scanty cytoplasm which shows no cytological 
evidence of specific protein synthesis.  It nucleus has a specific distribution of chromatin, 
densely clumped, with no nucleolus.  Its cell membrane, though closely applied to that of the 
related syncytium, shows no evidence of specific cell junctions, and is frequently actively 
engaged in pinocytosis. 
 
 Cells fulfilling these criteria are named satellite cells in this thesis.  The term ‘satellite’ has 
however been used in other contexts before.  Couteaux [1941] used it for certain cells in 
embryonic muscle, and Katz [1961] used it to describe cells and cell processes closely applied 
to the intrafusal muscle fibres of the muscle spindle.  The term is also used for the small cells 
which closely surround the cell bodies of neruones in dorsal root ganglia or sympathetic chain 
ganglia.  These are supporting cells akin to Schwann or glial cells, and therefore quite distinct 
from the cells related to skeletal muscle.  Couteaux’s cells, when viewed in the electron 
microscope, are similar to the satellite cells of adult muscle, as are certain of Katz’s cells. 
 
 In this section a description is given of further studies of the morphology and 
ultrastructure of the satellite cell of normal skeletal muscle. 
 
 
      - - - o - - - 
 
 
 Materials and methods 
 
 The fruit bat Eidolon helvum Kerr has been used extensively in these studies, as it has a 
number of small aaccessible skeletal muscles in its web membranes.  An account of the 
anmimal, and its use in the laboratory, is given in Appendix [i] 
 
In this study, adult bats were perfused with gluteraldhyde fixative and small biopsies taken from 
the web muscles, intercostal, external ocular and interosseus muscles, oesophagus and 
diaphragm.  Biopsies were embedded in araldite and sectioned for light and electron 
microscopy.  Human biopsies were aken at operation, where small biopsies of the 9internal 
oblique were excised, immersed directly in gluteraaldehye, and then prepared in the same way 
as the bat muscle biopsies.  Details of methods of perparqation are given in Appendix [ii] 
 
For convenience, the significance of the various features observed is discussed in each sub-
section, and in some cases compared and contrasted with observation from the embryogenesis 
and experimental studies, as relevant. 
 
Results 
 
Satellite cells were seen in all the muscles studied, except the oesophagus, which contained no 
striated muscle,  They were noted in the intrafusal fibres of the muscle spindles in the 
interosseus and web muscles.  They could be readily distinguished from vascular pericytes, 
endothelial fibroblasts, and other cells lying between muscle fibres.  They were also quite 
distinct from myonuclei [figs. 1, 2, and 3]. 
 
 25 
 
 
 26 
 
 27 
Shape. 
 
 They are always fusiform in shape, with tapering ends, lying in the long axis of the parent 
fibre.  In transverse sections of fixed preparations, skeletal muscle fibres are frequently not 
srictly circular in outline, but more triangular.  In this case, satellite cells, and also myonuclei, 
usually take up a position in the corners of the triangle, so that the myofibrils form a more 
rounded central cores to the fibre.  When seen in longitudinal section, the satellite cell may 
project slightly from the general contour of the fibre, but frquently does not appear to project at 
all, but rather indents the fibre, to form a narrow gutter on its surface, with diplacement of the 
myofibrils beneath. 
 
 These observations are all, of necessity, on the fixed tissues prepared for electron 
microscopy, and give little indication of the possible alterations in shape and disposition of these 
structures in life.  It could be ssumed for example that at full contraction, when the muscle fibres 
have shortened by about 1/3 of their resting length, the satellite cells would be passively 
shortened, to take up a more rounded form.  The satellite cell shape is largely determined, at 
least on ite outer aspect, by the tough basement membrane under which it lies, and to which is 
is closely applied.  In terms of the mechanics of the muscle fibre, the satellite cell has 
presumably adopted a shape which is optimal to the unimpeded contraction of the myofibrils 
and tension transmission to the basement membrane.  Myofibrils would be least displaced by a 
long fusiform element, lying in the long axis of the fibre, with gradually tapering ends – the most 
commonly seen shape of the satellite cell. 
 
Size 
 
 In the bat web muscles, satellite cells vary fro, 12.0 – 25.0 microns in length, depending 
on the extent to which their cytoplasm is drawn out at their tapering ends.  Their width is from 
7.5 – 10. Microns, and their depth from 2.5 – 3.5 microns.  Their nuclei, which occupy the 
central part of the cell, are 5.5 -10.0 microns in length, by 4.o – 7.5 microns in width, and 2.0 – 
3.0 microns in depth.  These overall dimension compare favourably with those of the human 
satellite cells, as studied in the internal oblique muscle.  These cells measured from 20 – 22.5 
microns in length, by 12.5 - 15.0 microns in width, and 3.5 – 5.0 microns in depth, with nuclei up 
to 12.5 microns long, by 7.5 - 10.0 microns wide, and 2.5 microns in depth. 
 
 Satellite cells nuclei are smaller than myonuclei.  But web muscle myonuclei hava length 
of 10.0 - 12.5 microns, with a width of up to 10.0 microns and a depth of 2.0 – 4.0 microns.  
Human nuclei, in the internal oblique muscle, have a length of up to 20.0 microns, by 10.0 – 
12.0 microns in width and 3.0 microns in depth. 
 
  The shape of myonuclei varies with their position in the muscle.  The figures given are 
for peripherally situated myonuclei, for comparison with satellite cell nuclei.  But a small  
proportion of muonuclei in normal muscle remain centrally placed within the muscle fibre.  
There, they assume a more oval shape, from  5.0 – 7.5 microns in width, and about 10. microns 
in length. 
 
Nucleo-cytoplasmic ratio. 
 
 An accepted critorion for the recognition of a satellite cell is that it should have a high 
nucleo-cytoplasmic ratio.  The measurement of this ratio however presents its own problems.  
Being fusiform in shape, it is easier to obtain transverse sections than true longitudinal sections 
of satellite cells.  The nucleus adopts the general shpe of the cell, and fills the centre part of it, 
but does not extend far into its tapering ends  [fig. 4].  Accurate longitudinal sections, showing 
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the full extent of the tapering ends, are difficult to obtain, due to the inherent sampling difficulties 
of electron microscopy. 
 
 Micrographs of 85 satellite cells in transverse section, obtained from web muscles under 
different conditions, were enlarged to full plate size and cut out in tracing paper of standard 
thickness.  The tracings of nuclei and cytoplasm were weighed, to an accuracy of 0.1 mg, with 
values between 12.9 and 215.5 mg, and ratios obtained.  The results are shown in Table 1, and 
portrayed in the histogram of Fig. 5.  This represents a fairly normal distribution curve, from 
which the mean ratio of about 1.6 to 1.0 is obtained.  This is of course only for transverse 
sections, applicable to the central part of the cell.  In the few cases where accurate longitudinal 
sections were obtained, the ratio was nearer 1 to 1. 
 
 The general conclusion that can be drawn here is that the nucleo-cytoplasmic ratio of 
satellite cells is between 1.0 and 1.6 to 1.0, for the cells studied.  This is in complete contrast 
with the nucleo-cyotplasmic ratio on the muscle fiibre syncytium, which is about 1 to 15 in these 
fibres.  The implcation form this is that the normal satellite cell is required to remain within the 
sarcolemmal sheath, but as it is not concerned with the contractile function of muscle, its 
cytoplasmic volume is reduced to a minimum.  The only other common cell type which has a 
high nucleo-cytoplasmic rati9o is the small lympyhcyte or thmocyte, about which so much, and 
yet so little, is known.  The lympohcyte has been described as a cell ‘waiting to do something’ 
[Lancet, 1966]  So also, it could be suggested, is the satellite cell – in this case, waiting to give 
rise to myoblasts, as required 
 
 The nucleo-cytoplasmic ratio of satellite cells, being greater than unity, could be taken as 
one of the cytological criteria for the recognition of these cells.  This would then be in contrast 
with that of the myoblasts seen in regenerating muscle fibres, which steadily increase their 
cytoplasm to reduce the nuceleo-cytoplasmic ratio to less than 1.0 to 1.0.  The practical problem 
here is again that of sampling, as it is impossible to deduce these ratios from single 
micrographs of individual cells. 
 
Basement Membrane 
 
 A well-defined basement membranecan  bee seen surrounding all adult skeletal muscle 
fibres.  It is similar in structure to basement membrane elsewhere, and consists of a uniformly 
homogeneous layer about 400 – 700 Ao thick, with a variable amount of collagen closely 
applied to its outer aspect as, for instance, described by Robertson  [1956b].  In the present 
studies, its thickness was more variable, and in some situations it  
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to merge with electron dense material lying between the muscle cells.  This is interpreted to 
mean that the mucopolysaccharide which forms a main component of the extra-cellular fluid, 
and is also the essential component of basememnt membranes, becomes dense enough in 
places to be seen in electron micrographs.  The density of the extracellular mucopolysaccharide 
may vary considerably with the activity and metabolic state of the tissues.  Basement 
membranes, however, are seen so consistently, and are generally so uniform, that it can be 
assumed that they change but little in vivo. 
 
 A particular feature of the disposition of the basement membrane that has not been 
reported previously is that it does not always remain strictly on the external surface of the 
satellite cell it covers, but can become invaginated between the satellite cell and the fibre 
syncytium. The satellite cell is not then lying in a simple sub-sarcollemmal position, but rather in 
an enclave af basement membrane.  This disposition can be seen both in transverse and 
longitudinal sections.  The extent to which the basement memrane penetrates bwteen the two 
cells is most variable.  Extreme cases of this invagination were seen in the external ocular 
muscle of the bat [fig. 6 and 7, p.37].  Many of the sections of the satellit cells of these muscles 
apapear to show that the satellite cells are surrounded by basement membrane and but for the 
basement membrane would resemble some of the fibroblasts which lie between the fibes.  
However, the very presence of the basement membrane distinguishes them from the 
fibroblasts.  When sections pass through the mid-region of these satellite cells, their cell 
mekmbranes can be seen tobe in contact, as normal, with the syncytium, even if only over a 
limited area [fig 7, p. 37]. 
 
 The significance of this particular arrangement of the basement is hard to evaluate.  
There has been considerable discussion about the mechanism of transmission of tension from 
the contracting myofilaments to the tension of the fibre.  Street & Ramsey [1965] demonstrated 
that the lateral mechanical coupling between myoplasm and sarcoplasm is adeqquqate to bear 
and transmit the maximum active tension developed during stimulation.  It could be assumed 
that where a satellite cell lies within the basement membrae, tension transmission would be 
modified or reduced.  The fusiform shape of the cell, on the other hand, would partially 
overcome the mechanical difficulty.  But in thetype of fibre described here, where the basement 
membrane largely encloses the satellite cell, the area of basement membrane in contact with 
the fibre is increased again, without loss of the seemingly essential plasma membrane contact 
between satellite cell and syncytium. 
 
 
 Another consequence of the ‘enclave’ of basement membrae is that it presuably 
imprisons the satellite cell, so that it remains confined to one position, relative to the parent 
fibre.  It is not yet known to what extent the satellite cells are capable of movement, either within 
a fibre, or through basement membranes.  Zhinkin & Andreeva [1964] noted, in light 
microscopy, that certain ‘nuclei’ migrate from undestroyed areas, where they have multiplied by 
mitosis, and accumulate in muscle buds, in regenerating muscle.  These ‘nuclei’ were probably 
satellite cells.  Basement membranes have a marked restraining and guiding influence on the 
cells to which they are related, so that these  
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observations would lead to the conclusion that the satellite cell, if mobile, would normally be 
restricted to movement up and down the fibre, or when enclosed by a basement membrane 
‘enclave’ is essentially static. 
 
 
 If the satellite cell has the single function of lying ‘dormant’ as a reserve myoblast, it 
could be assumed that there is no necessity for it to be mobile under normal conditions.  But 
following injury, when it divides to furnish myoblasts, it would be necessary for its daughters, at 
least, to become mobile.  One of the features of the intermediary type of myoblast – 
intermediary in form between satellite cells and large myoblasts – as seen in regenerating 
muscle fibres, is that it shows a varying degree of detachment from the basement membrane 
and large myoblasts lie free [fig. 43 p. ***].  Whatever the nature of the forces which normally 
operate to maintain contact between basement membrane and plasma membrane, it could be 
assumed that physico-chemical changes in the plasma membrane could render it less adherent.  
Thus a satellite cell, when stimulated to divide, could also modify its cell membrane to that it 
becomes more mobile within the sarcolemmal tube. 
 
 Basement membranes are known to be resilient and somewhat elastic.  In the 
experimental studies on regeneration following crush injuries, described in Section IV, the 
sarcoplasm of damaged fibres was frequently removed by physical distraction or phagocytosis 
to leave an empty tube.  Satellite cells were occasionally seen, soon after injury, still lying in 
their normal subsarcolemmal position, but within an otherwise empty tube.  This would indicate 
again that there are cohesive forces which maintain a satellite cell in its position under the 
basement membrane.  Later, these cells become detached and the empty tubes collapsed, with 
multiple folding of the basement membrane.  This phenomenon was also observed by Allbrook 
[1962], and by Birks, Katz and Miledi [1959], the latter authors describing it as a dissociation of 
the ‘surface membrane complex’ in atrophic fibes. 
 
 The embryogenesis of the muscle cell basement membrane is considered in detail in 
Section III.  But it is appropriate here to note that when it is still scanty, it appears to be thin 
enough in some places for the underlying satellite cell, or fibre syncytium, to protrude through it 
and send out blunt pseudopodia into the extra-cellular space between the developing fibres [fig. 
26, p75 and fig. 28, p***]. 
 
 
Plasma Membrane  
 
 The plasma membrane, or plasmlemma, of satellite cells appears similar to that of other 
cells, in electron micrographs.  It frequently exhibits a marked degree of pinocytosis.  The 
pinocytotic vacuoles are seen about equally on both the external surface, where it lies under the 
basement membrae, and on the internal surface, where it lies adjacent to the fibre 
plasmalemma.  The general degree of pinocytosis ususally exceeds that of the adjacent fibre.  
Laguens [1963] commenting on this phenomenon, suggests that this represents a ‘trophic’ 
function, where the satellit cell acts as an intermediate cell between the tissue space and the 
fibre.  As against this, the surfacee area of the satellite cell is very small when compared with 
that of the fibre, so that its surface activity would have to be pronounced to have a general effet 
on the fibre as a whole.  In the osmotic experiment described by Muir et al [1965], the satellite 
cells of the affected fibres showed a marked degree of pinocytosis, presumably indicating an 
attempt to maintain homeostasis in those adverse conditions. 
 
 In many electron micrographs, plasma membranes are sectioned obliquely, so that 
where cells are lying closely together, the adjacent plasma membranes are indistinct, or seem 
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to disappear.  This difficulty of intepretation of micrographs is of particular relevance to skeletal 
muscle, where cell fusion is such an important feature of developing and regenerting muscle 
fibres.  In this way, the plasma membrane may appear to have broken own or fused between a 
satellite cell and the musle fibre it lies against.  The cellular integrity of the satellite cell has been 
amply demonstrated by the osmotic experiment of Muir et al [1965], and in the muscle crush 
experiments mentioned above.  Further to this, the phenomenon of pinocytosis is a useful guide 
here.  Pinocytotic vacuoles,being spherical, are readily identified and do not disappear in 
‘oblique’ sections.  Thus a line of pinocytotic vacuoles can be seen, in certain areas where 
adjacent plasma membranes are indistinct, to continiue in the line of these membranes, 
demonstrating their integrity and separate function in vivo. 
 
 
 A specific type of pinocytotic activity is sometimes seen in certain cells of skeletal 
muscle.  The vacuoles are large, up to 150 millimicrons in diamater, where normal pinocytotic 
vacuoles do not exceed 100 millimicrons.  Their wall is quite specific, appreaing denser than the 
smaller vacuoles.  An early  description is given by Fawcett [1964], who named tham ‘fuzzy-
surfaced’ pinocytosis.  They are characterised by having three layers; i] an external amorphous 
coat, to which ferritin and other macromolecular particles can adhere; ii] the plasma membrane; 
and iii] an internal layer of relatively dense particles which give the vacuole its ‘fuzzy’ 
appearance [Jones, 1964].  They have been varously named by different observers as ‘coated 
vesicles’, ‘bristle vesicles’, alveolate vesicles’, and ‘acanthous vesicles’ {Fawcett, 1966].  They 
are frequently seen in cells of the erythroblast series [Edmonds, 1966], where they are involved 
in normal ferritin absorption into the cells.  Policard and Bessis [1958], Brecher & Bull [1966], 
conied the term ‘ropheocytosis’ for the mechanism of macromolecular transport into 
erythroblasts, in vaculoes of this type.  Jones [1964] states that the number of these vesicles 
decreases with maturation of the erythroblasts.  Tanaka et al [1966] indicate that this 
phenomenon is not peculiar to ferritin transport, but may be pertinent to the transport of other 
macromolecules into specific cells. 
 
 
 The earliest appearance of these ‘fuzzy’ pinocytotic vacuoles is a thickening of the 
plasma membrane, which then becomes depressed to form a dimple.  This extends inwards to 
become flask-shaped, and eventually rounds off to become wholly intracellular. 
 
 Typical ‘fuzzy’ pinocytotic vacuoles of this type have not been seen in satellite cells in 
mature muscle, despite a thorough search of many micrographs.  Neither are they seen on the 
surface of normal mature muscle fibres.  They are regularly seen, however, in embryogenesis 
and during muscle regeneration.  In embryogenesis they are seen near the surface of 
myoblasts and fibroblasts, and in later embryogenesis in some of the satellite cells [fig. 8].  The 
fully formed vacuoles never seem to pass very far from the surface of 
 
 
 35 
 
 
 
these cells.  This may be because they break down, soon after formation, to release their 
contents into the cytoplasm, but no evidence for this has been seen in electron micrographs in 
these studies.  During regeneratioin, numerous myoblasts are found within the sarcolemmal 
tubes of injured fibres.  ‘Fussy’ vacuoles have been seen in these myoblasts, and even in one 
case, in a cell in mitosis. 
 
 Though ‘fuzzy’ vacuoles are not seen in satellite cells or muscle cells of adult muscle, 
they are nonetheless seen in the fibroblasts or endomycial cells seen between the muscle fibes, 
and also in the histiocytes occasionally seen between the fibres. 
 
 The significance of these observations is at present hard to evaluate.  It is clear that this 
mechanism represents at least one means by which specific macromolecules can gain entry 
into cells.  It is interesting that it is seen predominently in developing cells, both in haemopoiesis 
and embryonic muscle, and that in both these, iron-rich compounds, haemoglobin and 
myoglobin respectively, are synthesized.  However this would not account for its regular 
appearance in other cell types such as fibroblasts and histiocytes.  There are a number of 
similarities between the pattern of cellular activity during muscle embryogenesis and 
regeneration.  It is tempting to speculalte that both situations, involving dynamic cellular 
changes, require specific control mechanisms, and that the secretion of macromolucules, and 
their selective absorption by cells at a distance, would constitute one such control mechanism.  
It is hoped that further studies of the ‘fuzzy’ pinocytotic vacuoles in a wider range of cells will 
lead to the emergence of some common denominator which will clarify their function in muscle 
and other cells. 
 
Cilia 
 
 One of the most striking features of the satellite cell is a cilium-like stracture.  This takes 
origin in a basal body similar in appearnce to a centriole, containing nine doubel filamenmts 
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arranged in a ring, but no central pair, as in ‘motor’ cilia.  These structures were described by 
Muir et al [1965], who noted that they could extend for over 3 microns in serial sections. 
 
 In the pesent studies, similar structures have frequently been seen in cell in embryonic 
muscle, in myoblasts in regenerating muscle, iin fibroblasts btween muscle fibres, and, less 
frequently, in adult muscle satellite cells.  Comparison of electron micrographs with those of 
Muir et al [1965], and others in published reports on cilia, indicates that these structures have a 
distinct and identical form in many different cell types, and are definitely cilia [fig. 9, p. 42]. 
 
 In early embryonic mesenchyme, cilia of this type are seen so regularly that the 
assumtion can be made that each cell carries at least one.  The basal body is frequently seen 
lying close to the surface of the cell so that the cilium projects directly out into the extracellular 
space [fig. 9d].  Though difficult to setion longitudinally, these cilia have been seen to pruject as 
much as 1.3 microns from the surface of the cell.  As muscle cibres begin to lay down 
actomyosin, cells carrying cilia can be seen lying between them.  At this stage the basal bodies 
lie deeper within the cytoplasm of the cell, so that the cilium, though still projecting from the cell, 
now lies in an invaginated sheath of the plasmalemma.  In cells in adult muscle, these cilia are 
deeply set in plasmalemmal sheaths.  When sectioned transversely or obliquely, the 
plasmalemmal sheath appears as a vacuole, and maybe misiinterpreted as such.  On the other 
hand, the formation of cilia, as studied by Sorokin [1962] in fibroblsts, starts with the production 
of an intracellular ciliary vesicle, into which the developing cilium projects, steadily elongating it 
until the surface of the cell is reached when the vesicle breaks down to form the sheath, now 
continuous with the plasmalemma, of the definitive cilium.  When isolated micrographs are seen 
of transversely or obliquesly cut cilia, it is impossible to tell whtehr they are lying within and 
intracellular vesicle or a plasmalemmal sheath. 
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 In contradistinction to the many types of epithelia which classically carry them, cilia have 
now been observed associated with many types of non-epithelial cell [Munger, 1958; Sorokin, 
1962; Grillo & Palay, 1963; Roberts & Latta, 1964; Wyllie, More & Haust, 1964; Abdel-Bari & 
Sorenson, 1965; Stubblefield & Brinkley, 1966].  The cell types on which they have been seen 
include fibroblasts, smooth muscle cells, splenic pulp cells, chromaffin cells, neurons in 
sympathetic ganglia, Schwann cells, parenchymal cells of the adenohypophysis, tumour cells, 
and beta cells of the pancreatic islets of Langerhans.  Grimstone [1962] gives a good account of 
the structure and distribution of cilia on epithelia.  All these cilia have the same essential 
structure of 9 sets of filaments arranged around the periphery, though they may be with or 
without a central pair. 
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 Cilia protruding from an epithelial surface have a clear motile function, whereas the 
function of cilia protruding from menchymal cells is at pesent quite obscure.  Munger [1958], 
describing the cilia on pancreatic islet cells, considered three possible functions for these cilia; 
a] that they represent embryonic remnants; b] that they are motile; and c] that they are 
chemoreceptors, possibly related to the control of insulin production by the beta cells. 
 
 It is possible that cilia projecting from mesenchymal cells have in fact a dual role, both 
motor and sensory.  By agitating the extra-cellular fluid they would encourage its circulation at 
microenvironmental level, and would thus be exposed to changes in the microenvironment more 
rapidly than otherwise.  The nature of their possible chemo-receptivity must remain speculative 
until further studies are directed towards these particular structures. 
 
 Close to the basal body of the cilia seen in the present studies, is a centriole of similar 
shape to the basal body, and frequently lying at right angles to it.  Centrioles are essential to the 
formation of a spindle in mitosis.  It is possible therefore that these mesenchymal cilia have a 
specific role in the control of mitosis in the cells which carry them.  Certainly, all cells which 
carry them are capable of mitosis.  Conversely, in muscle, the mature muscle fibre contains 
many myonuclei, but no centrioles or cilia, and the myonuclei are incapable of mitosis.  Holtzer 
[1967] states that centrioles disappear from the muscle fibre syncytium soon after fusion of the 
mononuclear cells which form it.  Munger [1958] found no cilia on the alpha cells of the 
pancreatic islets, or on the acinar or duct cells, and noted that the only cells undergoing mitosis 
in his studies were the beta cells, carrying cilia. Gall [1961], in a detailed account of the 
formation of centrioles and flagellae, suggests that centrioles possess a constant polarisation, 
and that the ‘distal end forms the flagellum or other centriole products, while the proximal end 
represents the pro-centriole and is concerned with replication’.  Thus the intriguing possibility 
remains that cilia on mesenchymal cells, and on the satellite cells of skeletal muscle in 
particular, may be concerned with the control of mitosis. 
 
Sub-satellite cell clefts 
 
 The space between the satellite cell plasmalemma and that of the muscle fibre is 
described by Mauro [1961] and Muir et al [1965] as a narrow cleft on a few hundred Ao wide.  In 
the present studies, it was seen to vary considerably from this ‘normal’ pattern.  In some cases 
it appears to have become grossly distended with fluid so that the satellite cell is lifted away 
from the muscle fibre, and the basement membrae is distorted outwards [fig 10]. If this process 
occurs to a lesser extent, only part of the satellite cell is lifted away from the muscle fibre, or 
smaller clefts appear between the two cells without a general distiurbance of position.  
Occasionally, these sub-satellite cell clefts are seen to contain electron dense bodies with the 
general appearance of myelin figures [fig. 10d].  When seen in its gross form in electron 
micrographs, this phenomenon can also be seen on review of the light microscopy sections of 
tissue from which the thin electron microscope sections 
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were cut.  This puts the phenomenon into better perspective, as it can be seen to be more 
apparent in certain regions of the muscle, and not in others.  There is apparently no correlation 
between the occcurance of this phenomenon and other factros – it appears to occur randomly. 
 
 It may be that these distended clefts represent agonal changes which occurred as the 
cells died and were fixed, in which case it might represent a terminal burst of pinocytotic activity, 
to fill the sub-satellite space with fluid.  As against this there is no marked increase in the 
number of pinocytotic vacuoles in the cells seen in this condition.  It is also pertinent to note that 
these changes are always seen between the satellite cell and the basement membrane, 
implying again that there are cohesive forces between the latter two which maintain the satellite 
cell in its subsarcolemmal position.  
 
 
Cytoplasm  
 
 Organelles common to all cells are found in the cytoplasm of satellite cells. Mitochondria, 
few in number and generally small in size, are found in the tapered ends where there is more 
room for them.  The Golgi apparatus is seen close to the centriole, and it usually small in 
a,mount.  Freee ribosomes are found scattered throughout the cytoplsm.  Endoplasmic reticuluk 
is noprmally not in evidence, thopugh it is seen in the satellite cells  of late embruyogenesis and 
those of regenerqting muscle fibres.  These features of the cytoplasm of the ‘resting’ satellite 
cell would imply that, apart from the esential metabolic requirements, there is little specific 
activity or specific protein synthesis. 
 
 A peculiar feature of the satellite cells examined in the human internal oblique muscle 
was the presence, in the cytoplasm, of electron dense bodies suggestive of lipid inclusions [fig. 
11].  Similar inclusions were also seen in the sarcoplasm of these muscle fibres, implying that 
they were not peculiar to the satellite cells alone.  Bodies of this type have never been seen in 
the bat muscles, or their satellite cells, and their nature is obscure.  Phagocytic vacuoles or 
lyosomes have also not been seen in the cytoplasm of satellite cells. 
 
 
Nucleus 
 
 In Mauro’s [1961] report, the satellite cell nucleus is ‘indistinguishable from a peripheral 
muscl nucleus.  Similarly, Muir et al [1965] indicate that the satellite cell nuclei and the 
myonuclei ‘do not show any signifacant differences within the structure of the nuclei 
themselves’. 
 
 In the present studies, a number of differences have been noted between myonuclei and 
satellite cell nuclei, though there is a certain degree of pleomorphism in both.  Myonuclei are 
frequently larger than satellite cells nuclei.  The shape of the myonucleus is  
 
 41 
 
 42 
 
less dependent on the surrounding sarcoplasm, so that in general myonuclei are more rounded 
at their ends, whereas satellite cells, being fusiform and containing little cytoplasm, tend to have 
fusiform nuclei.  The nucler chromatin is finely distributed in the myonuclei, with a tendency to 
be more concentrated, with some clumping, at the periphery.  The chromatin in satellite cell 
nuclei is usually more densely staining, and more clumped thoughout the nucleus, giving it a 
denser appearance [figs. 1 and 2, p 30 and p 31].  The nuclear membrane of the satellite cell is 
sometimes deeply crenelated [fig.46 p.***].  Nucleoli are usually seen in the myonuclei, whereas 
they are not seen in the satellite cell nuclei of normal adult muscle.  They are however seen in 
the nuclei of satellite cells during development of muscle, and during regeneration.  In the latter 
case, the appearance of a nucelolus may represent the earliest sign of transformation into an 
intermediary form of myoblast. 
 
 During the development of muscle, satellite cells are sometimes seen in mitosis [ 
fig. 34 b & c, p***].  Myonuclei have never been seen in mitosis. 
 
 As there is a certain degree of pleomorphism, certain myonuclei wll appear similar to 
satellite cell nuclei, particularly if they are not sectioned through a nucleolos.  Furthermore, 
there are minor species differences, and even differences between the appearances of these 
nuclei in different muscles of the same animal.  A meticulous study of a given muscle soon 
reveals the minor differences for that particular muscle.  Confusion between the two types need 
never arise in electron microscopy, because of the other clear-cut features of the satellite cell. 
 
 
Distribution 
 
 Katz [1961], in his detailed analysis of the structure of the frog spindle, noted that satellite 
cells were seen more frequently near the central region of the intrafusal fibres.  In the bat 
muscles, Muir et al [1965] state that they are regularly distributed along the length of the muscle 
fibres.  This finding was corroborated in the present study. 
 
 The quantification of a cell population presents its problems, but these are accentuated 
when the cell in question – the satellite cell – can only be recognised with certainty in electron 
micrographs.  Even low power electron microscopy does not allow wide enough sampling.  So 
the problem to be solved was how to quantitate satellite cells, with acceptable accuracy, in the 
light microscope.  Sections 5 microns thick, cut from wax embedded material, do not give a 
clear enough distinction between myonuclei and satellite cell nuclei, so that methods for the 
acurate counting of myonuclei, as for instance described by Abercrombie [1946], are less 
applicable to this problem.   Thinner sections, 1 -2- microns thick, canbe cut for light microscopy 
from araldite embedded material, but a limitation then is the overall size of the biopsy, which 
should not be more that a millimetre across in at least one dimension. 
 
 These problems have been largely overcome by the use of the bat web muscles, from 
which whole segments can be excised and embedded in araldite for light and electron 
microscopy [fig. 1, p.30]. 
 
 Individual muscles vary somewhat in their general architecture, and in the specific 
morphology of their contained fibres, as already indicated above.  As most of the work 
described here was undertaken on the bat web muscles, a considerable experience was gained 
of their particular appearances and features.  Thus it became apparent that satellite cells, 
having been studied in some detail in electron micrographs, could be recognised with regularity 
in sections 1 – 2 microns thick, stained routinely with toluidine blue for light microscopy.  The 
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clumped chromatin of the satellite cell nuclei stains a dark blue with toluidine blue, in marked 
contrast with the myonuclei, which appear paler in the centre, and have one or two nucleoli, 
stained a slightly different hue.  The nuclei of the endomycial fibroblasts are also darkly stained, 
so that they look very like those of the satellite cells.  In longitudinal sections the two can be 
virtually impossible to distinguish, so the quantitation is only really feasible in transverse 
sections.  In these too, it was necessary to study electron micrographs initially, so that criteria 
could be laid down for the recognition of the three nuclear types, myonulclei, satellite cell nuclei, 
and fibroblast nuclei.  Many of the fibroblasts lie well between the muscle fibres and are thus 
easily recognised.  Others lie partly adjacent to a muscle fibre, but the nucleus and cytoplasm 
extend away from the fibre at an acute angle.  Those which are most likely to be confused with 
satellite cells are the ones lying closely applied to the muscle fibre in such a way that the 
general contour of the cell mimics that of a satellite cell,  The distinction would be obvious in low 
power electron microscopy, but may be difficult in light microscopy.  However, fibroblasts of this 
type are seen but rarely, and generally have more cytoplasm than the satellite cell.  Therefore, 
despite the magnitude of the problem and the limitations of the technique, quantitation of 
satellite cells, myonuclei and fibroblasts was found to be feasible in bat web muscles. 
 
 The individual fibres in the bat web muscles are randomly distributed, and have a mean 
length of about 10mm., so no attempt was made, in this study, to follow single fibres through 
and quantitate the myonuclei and satellite cells within them, though this would clearly be 
possible, using serial sections.  In this study, counts were routinely made of whole transverse 
sections, where every fibre, together with all the myonuclei and satellite cells, could be counted. 
 
 Myonuclei are slightly longer than satellite cell nuclei in the bat web muscles, so that in 
transverse section they will be seen propotionately more often.  A correction must then be 
made, to ensure a more accurate ratio between myonuclei and satellite cell nuclei.  The ratio of 
lengths is approximately 9 : 7, so that satellite cell counts must be multiplied by a factor of x 1.3 
to give a more accurate figure.  Another complicating factor is that myonuclei are generally well 
rounded at their ends, and so are readily recognised in transverse section along the greater part 
of their length, whereas satellite cell nuclei, taking the shape of the cell within which they lie, are 
more fusiform, tapering to narower ends.  Sections through these ends are less likely to be 
recognised in light microscopy.  The morphology of these nuclei is too varied to allow the 
application of a further mathematical correction, but the general statement can be made that 
counts of satellite cell nuclei would tend to be lower than they actually are, in view of this fact. 
 
 This technique has been used in both normal and injured muscle.  In normal muscle tha 
ration of satellite cells to myonuclei varies between 1 – 7 and 1 – 16, [or 6 – 14%, with a mean 
of about 1-8 [or 12.5%].  In certain pathological situations it may rise to as much as one satellite 
cell to 2 or 3 myonuclei [30 - 50%]. 
 
 
The Satellite Cell Segment 
  
 As the satellite cell is a regular feature of all mammalian muscle so far studied, and has 
been seen in different species from amphibia to man, it can reasonably be assumed that it is a 
regular feature of all skeletal muscle.  With its assured place in skeletal muscle morphology, it 
must now be considered as part of the normal fibre, and therefore be represented when muscle 
morphology is descriobed in terms of its basic units. 
 
 From the standpoint of its physiology, skeletal muscle can be broken down to its motor 
units, which are defined as the number of fibres which are supplied by a single motor axon.  
When an action potential passes down the axon, the muscle fibres it supplies, though 
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somewhat separated from each other in the muscle, contract as one.  Histologists would 
describe the basic unit of skeletal muscle as the single single muscle fibre.  Cytologists would 
perhaps prefer the sarcomere as the smallest funtional unit.  But the satellite cell is also a unit, 
and must be accounted for, at least in terms of the histological unit of muscle. 
 
 The basic histological unit of skeletal muscle could be defined therefore, not s a 
sarcomere, muscle fibre of motor unit, but as that segment of a fibre which contains one satellite 
cell and its appropriate number of adjacent myonuclei.  This could then be designated the 
Satellite Cell Segment [fig. 53, p***].  This concept is of relevence to this thesis in several ways.  
From the evidence presented above, satellite cells are regularly spaced along the muscle fibre, 
and in their ‘resting’ state are probably static within the fibre, especially if lying in an ‘enclave’ of 
basement membrane.  Whatever their function, it can be assumed that they are suitably placed 
to fulfil it.  If they are reserve myoblasts – the central theme of this thesis – then they are 
strategically placed to be available wherever the fibre is injured.  The ratio of satellite cells to 
myonuclei is indicated in the size of the Segment, as is also the number of mitotic divisions of 
myoblasts [in this case three to four divisions] which would be required to restore a damaged 
Segment.  If satellite cells are themselves destroyed in a damaged region, surviving satellite 
cells in neighbouring undamaged regions could divide to supply them and again restore the 
Segment.  This type of behaviour was noted by Zhinkin & Andreeva [1964], who saw certain 
‘nuclei’ migrate from undestroyed areas where they had multiplied by mitosis. 
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 The ratio of satellite cells to myonuclei, as expressed in the Satellite Cell Segment, must 
be determined genetically.  If the satellite cells are a separate cell line, with function as yet 
unknown, it would be necessary to relate them to the mechanism of production of myoblasts, for 
which another source cell would have to be found.  But the weight of avaiable evidence is in 
favour of the satellite cell being itself a myoblast, and in adult muscle a reserve myoblasts, 
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where it nonetheless retains its identity by not fusing with the fibre syncytium.  The Saatellite 
Cell Segment concept is therefore used as the basis of a amodel for myogenesis, applicable 
both to developing and regenerating muscle.  This question is taken up in the General 
Discussion of Section V, p***, after the embryological and experimental studies. 
 
 
Summary 
 
 
 The observations on the structure of the satellite cell, as reported by other workers, are 
confirmed in this study.  In addition, further features have been noted; the disposition of the 
basement membrane, forming an enclave in which the satellite cell lies; the sub-satellite cell 
clefts occasionally seen separating the satellite cell from the fibre; differences in the appearance 
of myonuclei and satellite cell nuclei; and the feasibilty of quantitation in light microscopy.  
Certain other features aer correlated, convenience, with observations from the embryogenesis 
and experimental studies edescribed below.  Such are; the occurrence of ‘fuzzy’ pinocytotic 
vacuoles, which are seen in many cells in developing and regenerating muscle, and in normal 
muscle fibroblasts, but seemingly not in normal adult muscle satellite cells; and further 
observations on cilia on cells in developing, normal and regenerating muscle. 
 
 Satellite cells were seen in all the skeletal muscles examined.  Satellite cells were also 
seen in the spindles in the interosseuas muscles and web muscles.  Their distribution was 
studied in the bat web muscles, and found to range between 6 – 14% of myonuclei, with a mean 
of about 12.5%.  From this it is suggested that the basic unit of the skeletal muscle fibre ould be 
designated the Satellite Cell Segment; the segment of a fibre containing one satellite cell and its 
appropriate number of myonuclei. 
 
 
 
      - - - o - - - 
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A study of the biology of a new type of cell must logically include a study of its embryogenesis.  
The cell in question here – the satellite cell of skeletal muscle – is an integral part of the muscle 
fibre, lying in a subsarcolemmal position, at regular intervals along the fibre.  A study of the 
embryogenesis of satellite cells cannot, therefore, be separated from the embryogenesis of 
skeletal muscle itself, but rather must be integrated with it.  Though much is known of the 
embryology of skeletal muscle, it must now be examined with renewed interest, to determine 
the origins of the satellite cells it contains, and to determine the part they might play in its 
embryogenesis and development. 
 
 In studies of embryonic and developing muscle, satellite cells are not mentioned 
until 1964.  MacConnachie et al [1964], studying in light microscopy the mode of increase in the 
number of myonuclei in the postnatal rat, saw mitotic figures in subsarcolemmal cells, and 
suggest that one or both daughter cells could pass through the plasmalemma to add to the 
nuclear content of the multinuclear fibre.  They conclude that ‘if this is valid then the satellite 
cells can be regarded as reserve myoblasts’.  The earliest report on the ultrastructure of 
embryonic muscle, in which satellite cells are specifically studied, is that of Ishikawa [1966], who 
studied a large series of human foetuses, from 40 mm. [10 wks] to 260 mm. [31 wks].  Ishikawa 
suggests that satellite cells might participate in the separation of individual developing muscle 
fibres, and favours a ‘fibroblastic’ rather than a ‘myoblastic’ nature for these cells.  Przybylski & 
Blumberg [1961] reporting on the ultrastrucural aspects of myogenesis in the chick, conclude 
that satellite cells very  probably account for an increase in nuclear number, and are ‘remnants 
of the once abundant, rapidly dividing stem cell line observed in the embryo’.  Shafiq et al [in 
press], studying postnatal muscle, indicate that proliferation of the satellite cells appeared to 
result from mitotic  activity only, and that ‘probably some of them fused with the muscle fibres 
and contributed to the post-natal increase in the number of fibre nuclei. 
 
 These are the only reports to date which specifically mention satellite cells in embryonic 
or developing muscle, and the predominent conclusion drawn it that they are myoblasts.  In 
other recent studies of the embryogenesis of muscle, by Van Breeman [1952], Herman [1952], 
Frost [1954], Ruska & Edwards [1957], Ferris [1959], Bergman [1962], and Fenichel [1965], no 
mention is made of satellite cells or their equivalent.  There is thus a clear need to investigate 
further the place of satellite cells in myogenesis. 
 
 Certain criteria have now been laid down for the recognition of satellite cells.  In normal 
adult muscle, they retain a uniformity of structure, and can be recognised without difficulty.  
However, in injured muscle, the satellite cells ‘disappear’ during the course of regeneration in 
damages muscle fibres, and are replced by myoblasts and cells of intermediary form [Church et 
al 1966].  Later, when the myoblasts hae fused to form new fibres, satellite cells are seen again 
in their ‘normal’ form.  This pleomorphism of mononuclear cells which appear during the 
regeneration process, renders the certain identification of any given cell difficult, if not 
impossible, at that time. 
 
 A generally accepted concept of skeletal muscle regeneration is that the cellular 
responses involved recapitulate or mirror the cellular activity of embryogenesis.  This is perhaps 
particularly striking where, in both, myoblasts fuse to form myotubes which develop into mature 
fibres.  It could be anticipated therefore that a study of satellite cells in embryogenesis would 
further elucidate their function in regeneration.  As against this, if the two processes are 
essentially similar, difficulties of individual cell identification, already encountered in 
regeneration, might also be encountered in embryogenesis. 
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 An essential criterion for the recognition of satellite cells is that they should be lying in a 
subsarcolemmal position, beneath the basement membrane of the parent fibre.  In early 
embryonic muscle, there are no basement membranes, so at least at this stage it must be 
ascertained whther the remaining criteria are adequate for the recognition of these cells.  To 
complicate the issue further, the morphology of cells in a given tissue varies with the degree of 
development of that tissue.  As this is true of muscle, it could be assumed that satellite cells, 
even if appearing from an early stage, would themselves be subject to progressive, though 
perhaps only minor, changes of their morphology, with development, and would not necessarily 
have the same appearance as the satellite cells of adult muscle. 
 
 If these preliminary considerations are valid, it would seem that the certain identification 
of satellite cells in developing muscle presents a somewhat formidable problem.  Assuming 
however, that satellite cells are nonetheless to be seen in embryonic and developing muscle, as 
indicated from the specific reports outlined above, an attempt must be made to evaluate their 
behaviour.  Is the individual satellite cell, once laid down, destined to remain ‘fixed’, in the sense 
that the myonuclei are ‘fixed’, that is dividing no more?  Or does it continue to divide to furnish 
further myoblasts, and in the end to be set aside as a definitive satellite cell of the mature fibre?  
If satellite cells are a separate and distinct cell line, with their own specific function and role in 
adult muscle, can they be separately recognised from the ‘myoblast line’ in embryonic muscle?  
These are basic considerations underlying the present study. 
 
 No study has previously been undertaken of the embryogenesis of the fruit bat webs, or 
their contained muscles.  As these muscles have been subjected to extensive study in the adult 
animal, is was clearly appropriate to study their embryogenesis.  The advantages inherent in the 
adult web, as an experimental tissue, are equally applicable to the embryo, and the size and 
distribution of the web muscles renders them more easily quantitated than others.  The 
developing web is easily seen from an early stage, projecting from the body wall, and can be 
removed from the embryo with the minimum of damage.  Being translucent, its contained 
structures can be studied in situ, before histology, and problems of orientation and sampling, so 
acute for electron microscopy, are largely overcome. 
 
 A minor problem using this species of animal for embryological studies is that it only 
reroduces once a year.  The general pattern of this reproductive behaviour is described more 
fully below, in Appendix [i].  A considerable asset, however, is that the cycle is regular and 
predictable; implantation occurs in September and October, and young are born in February 
and March, each year.  Bats collected on 5th November, 1965, showed for instance, the same 
distribution of early embryos as a similar sample collected on 3rd November, 1966.  The large 
number of bats in the wild colony facilitates the collection of adequate samples of embryos. 
 
- - - o - - - 
 
Methods 
 
 Bats were obtained from the wild colony at approximately monthly intervals from early 
November till the end of February [Table No. 2  p. 57]  The bats cluster very closely together so 
that one shot from a twelve-bore shot gun will bring down between 30 and 40 animals.  The 
majority are damaged in their wings, though a few are undamaged and drop with the others.  
Embryos are well protected by the maternal tisues, particuarly in early pregnancy. 
 
 The wild colony is only a mile from the medical school, so that bats could be taken to the 
laboratory with the minimum delay.  The already dead ones were sectioned first.  The live but 
injured ones were anaesthetised and the embryos removed by hysterotomy.  The uninjured 
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ones were then anaethesised and their embryos obtained in the same way.  The anaesthetics 
were carried to lethal doses after hysterotomy. 
 
 All embryos were immersely directly into 7% gluteraldehye in Kreb-Ringer’s solution.  
The earliest emberyos were prepared intact.  The webs of slightly larger embryos were 
dissected from the body wall under the dissecting microscope and prepared as whole mounts.  
Later webs became too large fo preparation in this way, and biopsies were taken from selected 
parts of the web.  These biopsies were generally about 3 mm. in length by 1.0 – 1.5 mm. in 
breadth, containing a segment of a developing muscle.  Longitudinal orientation was therefore 
preserved, in the long axis of the biopsy.  The distal end of the biopsy was cut obliquely, so that 
the proximal and distal ends of the biopsy could be recognised when embedded in araldite. 
 
 The crown-rump length of early embryos was routine, as described in Aappendix II.  
Conditions of preparation were standardised as much as possible for each batch of  
embryos so that subsequent results could be comparative.  Fixation with osmium stains the  
web tissues dark drown to black, so that the developing web muscles can be observed in the 
aradite blocks, by transillumination, revealing certain features of their development which would 
be difficult to ascertain by routine sectioning of the material. 
 
 The web muscles were sectioned transversely and longitudinally in all but the smallest 
embryos.  The midpoint of the ulnar group muscles was chosen for the main series of 
transverse sections, to give a comparative series.  Light and electron microscope studies were 
made concurrently at each stage. 
 
 Embryo weights were plotted against time, for each batch of embryos studied. Standard 
eviations were calculated and a growth curve constructed, [fig. 12].  The ulnar group web 
muscle length was plotted against embryo weight [fig. 13]  From these two curves the web 
muscle length could be plotted against gestation age [fig. 14].  From this last curve, muscle 
lengths were selected to give a suitably spaced sequance of stages, from which the pattern of 
the web muscle embryogenesis could be studied.  Embryos having web muscles of these 
seelected lengths were then chosen for more detailed study.  As rapid and dramatic changes 
occur in the early weeks, early embryos were examined at more frequent intervals.  Embryos 
were numbered [1-6], for ease of reference, from the time that the web muscle length could first 
be measured.  Two neonatal bats were also studied. 
 
 Quantitation of the number of muscle fibres and myonuclei was undertaken for the 
embryos and neonates specifically studied.  Satellite cells were also counted from the time that 
they could be clearly made out in light microscopy [Table 4, p. 59]. 
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Results 
 
 Bats were obtained from the local wild colony on five dates, from February 1966 to 
Februaryt 1967.  The overall numbers of animals obtained on each date, with the number of 
males, non-pregnant and pregnant females, and young, are given in table 2, p. 57].  Of 202 
animals, there was a slight preponderance of females.  The majority of mature females were 
pregnant.  Five females were half-grown and non-pregnant, indicating that these animals grow 
to maturity between the first and second years, and become sexually mature inther second 
year.  The young obtained on 5th February 1967 were all neo-nates, clinging to their mothers. 
 
 Pregnancies occurred in either horn of the bicornuate uterus, and were single in all cases 
except one of twins, with an embryo in each horn.  Embryos have been collected before by 
Mutere [1965a] and others, but this is the first reported instance of twins in this species, 
indicating that it is probably a rarity.  Remarkably few embryos were damaged, particularly in 
early pregnancy, as they were protected by the maternal tissues. 
 
 The weights of all embryos obtained were plotted against time, for each sample 
collected, as shown in Fig 12 [p. 56].  The resultant curve is sigmoid, and indicates the marked 
degree of synchrony of pregnancies.  The actual scatter in time can be estimated by 
syperimposition of the curve onto the points of extremes of the sample distribution, or on the 
standard deviation.  From this it can be ascertained that 60% of pregnancies [+ or – one 
standard deviation] are synchronous within a six week period, and the majority of pregnancies 
are synchronous within an 8 week period, from October to March. 
 
 This degree of scatter was such that it was deemed unnecessary to collect animals more 
frequently than once a month, though a better sampling would be obtained by collecting animals 
at fortnightly intervals.  Nonetheless a consecuative range of embryos weighing from several 
mg. to 50 mg. was obtained, enabling considerable choice of definitive embryos for the web 
muscle embryogenesis study. 
 
 The actual date of imlantation is difficult to determine accurately, but by comparison with 
the rates of development of other species, and calculation from the curve of fig, 12, it is 
probably centred on the early days of October.  Similarly the date of birth can be imputed from 
the degree of maturity of late embryos, and the study of neo-nates, and is about the end of 
February and early March.  This would give a gestation period of 21 – 22 wks.  
 
 Of the 5 neonates collected on 22nd February, 1967 [weights not included in fig. 12], the 
smallest weighed 45.3g, had no ventral hair, and its shrivelled umbilical cord was still attached.  
The next in size weighed 47.1g, had no ventral hair, but its cord had dropped off.  The third 
weighed 52.8g, had some ventral hair, and had also lost its cord.  The largest weighed 71.1g, 
and had hair of adult distribution.  All these neonates had their eyes open. 
 
 Allowing for a weight drop of several grams after birth, and calculating from the curve of 
fig. 12, the birth weight of this species is probably 45 – 50g.  It is relevant to indicate at this point 
that the term ‘embryo’ is used in this study for all stages of intra-uterine development, 
particularly as many of the parameters of development have yet to be measured in this species.  
It is also interesting to note that as maternal weight varies between 250 – 300g, young are born 
weighing between 1/5 and 1/6 of the maternal weight, and are subsequently carried in flight until 
they are considerably heavier. 
 
 A detailed study of the general features of embryogenesis was not undertaken in this 
study, but the general development appeared to be similar to that of other vertebrates.  The 
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development of the webs is however quite distinctive.  The web primordium is seen first as a 
thick blunt fold on the lateral aspect of the body wall in the 9mm. embryo.  Thr cranial end of this 
fold is particularly prominent and forms a rounded knob, with a cleft between it and the fore-limb 
bud, which appears at about the same time.  The web fold grows laterally and forwards, so that 
the cleft btween it and the fore-limb bud is deepened at first, and is well-marked up to the 16 
mm. [approx. 6 wk] stage.  This would indicate that the main web develops as a separate entity 
from the fore-limb, and not as a secondary development between the two limbs.  It could also 
be presumed that structures developing in the web either develop in situ, or migrate into the 
web from the body wall, but do not migrate from the fore-limb bud. 
 
Study of individual embryos. 
 
11 mm. embryo: 100 mg, estimated age 3 weeks. 
 
 This embryo had well-developed limb buds, projecting antero-laterally from the body wall, 
the forelimb bud being slightly larger than the hindlimb bud, and measuring about 2 mm. in 
length.  Between them the web fold, with its andterior rounded end, was projecting about 1 mm. 
fro, the body wall.  The excised web fold, embedded in araldite before sectioning, was 
transilluminated through the araldite and photographed [fig 15 a.].  It could be seen to contain a 
network of capillaries, with a more prominent series entering the mid-point of the fold. 
 
 Sections were cut in a sagittal plane, parallel to the body wall, through the apex of the 
web protuberance.  On light miscroscopy, the predominant cell type throughout the fold is a 
primitve mesnchymal cell, containing a large nucleus and non-specific cytoplasm  A few 
capillaries are forming [fig. 15, b, c, and d].  The mesenchymal cells are well spaced, and their 
cytoplasm extends out in prolonged strands or pseudopodia which establish contact with each 
other. 
 
 Election microscopy establishes that the majority of cells deep to the epidermal layer 
have the appearance of non-specific mesnchymal cells. The most striking feature revealed by 
electron microscopy is that the web fold is already, at thie stage of evelpment, invaded by axons 
[fig. 15, e and f].  These, when sectioned transversely, are seen to contain neurofilaments and 
microtubules.  They vary in diameter from 0.25 – 1.0 micron, and are  
 57 
 
 
seen mainly in groups, either lying free betweeen the mesenchymal cells or embraced by cells 
which could be taken to be the earliest form of Schwann cell.  The axons are all non-myelinated. 
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 There is no evidence of actomyosin in the cytoplasm of any of the mesenchymal cells in 
the web fold at this stage.  It would be presumptuous therefore to call any of them myoblasts.  
However, certain cells are seen to contain lipid-filled vacuoles, which are a regular feature of the 
earliest form of myoblast, as seen in slightly later embryos. 
 
 No basement membranes are seen around the primitive capillary endothelial cells, 
though very small amounts of collagen are visible, particularly in the vicinity of these capillaries. 
 
 A distinctive feature of many of the mesenchymal cells is that they appear to carry cilia.  
This phenomenon has been discussed above in Section II, p. 41.  These cilia are rarely 
sectioned longitudinally, but the longest seen protroded 1.3 microns from the cell, into the inter-
cellular space.  They take origin from basal bodies which are similar in type to those seen in 
other cell types, and a centriole is sometimes seen lying in the cytoplasm, close to the basal 
body.  They are seen so regularly at this stage that it can be assumed that the majority of the 
mesenchymal cells carry at least one.  Their function remains obscure. 
 
 In summary, from this early stage of its development, the web fold, projecting only 1 mm. 
from the body wall, contains not only primitive mesenchymal cells and capillaries, but is invaded 
by collections of small axons which are partially supported by ‘Schwann’ cells.  There is no 
specific evidence of myogenesis at this stage. 
 
 
13 mm. embryo: 170 mg., estimated age 3½ weeks. 
 
 This embryo represents a stage of development a few days later than the previous one.  
The limb buds are now small padddles, with blunt digits.  The web primordium, photographed 
though the araldite [fig. 16], is a more definite fold, most prominent cranially where it ends in a 
rounded knob, close to the fifth digit, but separated from it by a deep cleft.  The pattern of 
vessels passing into the web from the body wall is now more regular, with a well-formed central 
leash, corresponding to the definitive neuro-vascular  axis of the mature web, which enters the 
web at the elbow.  No evidance of muscle fibres can be seen through the transilluminated web. 
 
 Light microscopy of sagittal sections through the apex of the web fold reveals the same 
arrangement of mesenchymal cells as seen at the 3 wk stage.  The main leash of vessels are 
larger in diameter [fig. 17].  Close to the main vesselss a number of faintly staining amorphous 
structures can be seen, and some of these appear to be embraced by ‘mesenchymal’ cells.  In 
the same vicinity other cells have grouped themselves together and have taken on a distinctive 
granular appearance in their cytoplasm. 
 
Little else can be determined, in these sections, by light microscopy. 
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 Electron microscopy reveals that the ‘amorphous’ structures lying close to the main 
vessels are large numbers of minute axons, as were seen in smaller groups in the previous 
embryo.  Axon diameters vary btween 0.25 and 1.25 microns.  They lie closely packed together 
, with contiguous plasma membranes, separated by a gap of about 155 A, embraced by a 
‘Schwann’ cell.  The ‘Schwann’ cell cytoplasm extends around the axons as a group, wihout 
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penetrating to any extent between individual axons.  The number of axons in the groups studied 
varied between 20 and 40.  
 
 The collections of cells with ‘granular’ cytoplasm, lying close to the main vessels, are 
seen in electron microscopy to be differentiating myotubes, containing actomyosin in their 
cytoplasm [figs 18 and 19, p. 66].  The actomyosin is being laid down as myofibrils, varying in 
diameter from 0.25 – 1.0 microns, situated in scattered groups throughout the cytoplasm, but 
not showing any preponderence in the periphery of the cell or juxta-nuclear region.  When seen 
in transverse section, these cells are lying closely to each other, with occasional desmosome-
like junctions in their plasma membranes.  There are no basement membranes, neither is there 
any collagen in the vicinity of these cells.  The actomyosin is present in relatively small 
amounts, accounting for less than 30% of the cytoplasmic volume. 
 
 In addition to the desmosome-like junctions between these cells, the specific type of 
pinocytosis, for which the term ‘fuzzy surfaced’ pinocytosis was coined by Fawcett [1964], is 
regularly seen.  These vacuoles are seen in different stages of formation, and when fully formed 
appear to remain within 200 millimicrons of the plasma membrane.  They vary in size up to 150 
millimicrons in diamater, and are characterised by a densely staining, triple-layered wall.  Their 
form and function have been discussed above. [Section II, p. 39 and fig. 8, p. 40]. 
 
           Surrounding the developing muscle fibres, and at times clearly applied to them, are 
numbers of other cells looking similar in appearance to the ‘non-specific’ mesenchymal cells in 
general, and containing no actomyosin in their cytoplasm though they sometimes contain lipid 
vacuoles.  Their position would indicate that they are presumptive myoblasts, though the certain 
identification of any given cell is not possible.  They are easily distinguished  from the 
ossasional histiocyte, which contins large densely staining vacuoles in its cytoplasm.  Cilia are 
seen protruding from some of the mesenchymal cells, but not from the developing muscle 
fibres.  
 
 In summary, myogenesis in the web, as determined by the first appearance of 
actomyosin in the web mesenchymal cells must commence between the two stages now 
described, that is between 3 – 3.5 wks development of the embryo [11 – 13 mm. crown-rump 
length].  It appears to begin after the migration into the web primordium of neural elements, 
which are seen in the 13 mm. stage in considerable excess of the developing muscle fibres.  
Only two types of cell can be clearly defined in the region of the earliest muscle fibres, namely 
those containing actomyosin and those ‘non-specific’ lipid-containing mesenchymal cells closely 
applied to them. 
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Embryo No. 1: 16 mm., 400mg., estimated age 4 wks. 
 
 Dramatic changes are seen in the period between the third and fourth weeks of 
development in these embryos.  This is clearly illustrated in the developing web, which by 4 
weeks is a definitive fold attached to the lateral body wall, running cranio-caudally, with a blunt, 
knob-like cranial end lying close to the fifth digit, but still separated from it by a cleft.  When 
transilluminated in situ in the araldite, the pattern of the developing web muscles can for the first 
time be made out. 
 
 The striking feature of the web muscles at this stage is that they have appeared 
simultaneously, in an order and distribution exactly presaging the adult arrangement [fig. 20 a].  
The web vessels are now quite distinct, entering obliquely and crossing the muscles to pass in 
the general direction of the lateral corner.  The axillary muscle, always larger in the adult, 9s 
well seen in the more caudal part of the web.  The remaining muscles, when counted, are 
equivalent to the normal adult number.  In the lateral corner, smaller muscles can be made out, 
corresponding to the diminishing digital group of muscles in the adult web.  It can be inferred 
from these observations, that the web muscles are laid down from the outset in the position they 
are late to occupy, and do not migrate from elsewhere, such as from the body wall.  The main 
group of web muscles, designated the ulnar group, measure about 1 mm. in length at this stage. 
 
 When the web is sectioned to cut the muscles transversely [fig.20 b,c,d] they are seen 
lying in a straight line in the web, and they contain pipid granules and actomyosin.  Neural 
elements can be seen lying dorsal to the developing muscles and ramifying between them.  The 
individual muscles are lying close to each other at this stage, and are themselves surrounded 
by mesenchymal cells whose orientation is essentially around them. 
 
 Sectioning the web near the point of entry of the main vessels reveals the presence of 
large numbers of axons, accompanying the vessels, and clearly representing the main neural 
supply to the web musculature – that coming into the web at the elbow, in the adult.  Thus 
essential relationships are established between the web musculature and its neuro-vascular 
supply at this early stage. 
 
 Low power electron microscopy of the transversely sectioned web muscles reveals the 
closely packed nature of the developing muscle fibres [fig 21].  Between 28 and 43 nuclei were 
counted in these muscles, giving a mean of 34 nuclei.  Not all these cells contained actomyosin 
in their cytoplasm, though their position in relation to the developing fibres or muscle axons 
would indicate that they are respectively presumptive myoblasts, or Schwann cells of the 
muscle nerves. 
 
 The majority of developing muscle fibres are lying in close proximity to each other [fig. 
22] with extensive areas of contiguous plasma membrane, and occasional desmosome- 
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like junctions.  Where there are inter-cellular spaces, they divide the fibres into groups or 
aggregates, which number from 2 – 6 at this stage.  The majority of electron micrographs at 
higher magnifications indicate that there is no fusion of plasma membranes, though 
interpretation becomes difficult where membranes are obliquely cut, and thereby less distinct.  
In no case was more than one nucleus seen in transverse sections of these developing fibres.  
In longitudinal sections, however, nuclei are seen in longitudinally arranged rows, with no 
plasma membranes between them, as typical myotubes.  
 
 Some of the cells, lying between obvious muscle fibres, contain no actomyosin but 
contain large numbers of polyribosomes in their cytoplasm.  These are again presumptive 
myoblasts.  Occasionally a cell of this latter category is seen bearing a cilium.  ‘Fuzzy’ 
pinocytotic vacuoles are seen, as in the previous stages. 
 
 The actomyosin is being laid down as myofibrils, which are of similar diameter to the 
stage before [0.25 1.0 micron], and occupy less than 30% of the cytoplasmic volume.  They are 
arranged peripherally, but not in close apposition to the plasma membrane.  They are 
occasionally seen in close relationship to the nuclear membrane.  Lipid-containing vacuoles, 
measuring up to 1.2 microns across, are again in evidance, generally in cells containing 
actomyosin. 
 
 No basement membranes are evident at this stage.  The proximity of the majority of the 
adjacent plasma membranes would preclude the presence of basement membranes between 
them, but in situation where there is more space between cells there is a patchy distribution of 
homogeneous, electron-dense, material, closely related to the plasma membrane, but by no 
means constituting a regular membrane.  This is interpreted as the earliest sign of basement 
membrane formation by these cells.  Progressively more of this material is seen in later 
embryos.  There is again no evidence of collagen in the vicinity of the developing muscles, or 
between their fibers. 
 
 In summary, by the 4 wk stage, the web muscles have appeared in the entire web, in 
adult distribution.  Neural elements are ramifying between the developing fibres, which 
themselves are packed as aggregates, and joined to each other by occasional desmosomes.  
Actomyosin, though being actively synthesized, still occupies less than 1/3 of the cyoplasm, and 
nuclei are central – the classical myotube stage.  Apart from the myotubes, the neural elements 
and the occasional histiocyte, cell identification is non-specific, though certain cells, lying 
between or adjacent to muscle cells, are containing polyribosomes, are presumed to be 
myoblasts.  There is still almost total absence of basement membrane and collagen. 
 
Embryo No.2:  20 mm., 970 mg., estimate age 6 weeks. 
 
 By this stage the limbs are well formed, the digits of the hand have elongated and 
developed small webs between them, and the cleft between the fifth digit and the cranial end of 
the main web is obliterated.  When viewed through the transilluminated araldite, the main web 
structures have a clear relationship to the adult form; the neurovascular axis now enters the 
web from the region of the elbow, the web muscles are spaced further apart, are of roughly 
uniform width, and taper at their ends.  The web fold is itself proportionately thinner, and the 
individual web muscles now are represented by ridges on the ventral surface of the web.  The 
mean length of the first 4 ulnar group web muscles in 2.2 mm. 
 
 Transverse sections through the mid-point of the web muscles [fig 23] reveal the muscle 
fibres to be more widely spaced and arranged in smaller aggregates, the individual fibres within 
an aggregate bearing the same type of relationship that the majority of fibres bore to each other 
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at earlier stages.  The number of aggregates varies from 12 – 23, with a mean of about 18.  The 
number of nuclei in the cells of these aggregate total about 38 per muscle, or about two per 
aggregate. 
 
 Electron microscopy reveals that the relationships of the developing fibres within the fibre 
aggregates are essentially the same as observed at previous stages, with plasma membranes 
separated in many places by a gap of less than 500A°, and containing no basement membrane 
between them.  The myonuclei are still placed centrally n the fibres, but are surrounded by 
proportionately more actomyosin, which now occupies up to 50% of the cytoplasm, when seen 
in cross section.  Large lipid vacuoles, measuring up to 1.5 microns across, are again a regular 
feature.  Between the fibre aggregates occasional cells with elongated protrusions of cytoplasm 
can be seen, and these are interpreted as being early fibroblasts. 
 
  A distinctive cell type is seen at this stage, closely related to the fibre aggregates.  It is a 
compact cell, having relatively little cytoplasm, and with nuclear chromatin less uniformly 
distributed than the myonuclear chromatin [fig 24].  It cytoplasm contains no actomyosin, though 
it contains free ribosomes, mitochondria and small amounts of granular endoplasmic reticulum.  
It cell membrane occasionally exhibits ‘fuzzy’ pinocytosis.  It is possible that this cell represents 
the earliest distinguishable form of satellite cell, though in the absence of definitive basement 
membranes it is impossible to be conclusive at this stage. 
 
 On the outer surface of cells lying in the fibre aggregates can be seen, at this stage, a 
definitive layer of electron dense material, which has the appearance of basement membrane.  
It is by no means uniform, but can be seen to be bridging from one cell to another at the 
periphery of the aggregate, and is far more definitive than at the previously described stage.  In 
the tissue spaces between fibre aggregates small amounts of collagen can now be seen, 
generally in fairly close proximity to the long cytoplasmic protrusions of the presumptive early 
fibroblasts. 
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In summary, by 6 wk, the web has assumed more adult proportions, the individual web muscles 
are now well separated from each other and of uniform width except at their tapering ends.  
Their contained fibres are still of the myotube type, with centrally-placed nuclei, and are 
arranged in about 18 aggregates.  Basement membranes are recognisable, but limited to the 
outer surfaces of the aggregated cells, and are patchy in distribution even there.  A distinctive 
cell type, which could possibly be an early satellite cell, is seen in association with the 
developing fibres, within the patchy basement membrane.  Small amounts of collagen are now 
being laid down between the fibre aggregates. 
 
 
Embryo No.3:  25 mm., 2.17 g., estimated age 8 weeks 
 
 All the definitive tissues of the web are in evidence by this stage.  The general 
proportions of the web muscles and their neruo-cascular supply are more adult in form than at 
the previous stage, indicating that the web and its contained structures are growing uniformly.  
The mean length of the first 4 web ulnar muscles is now 3.8 mm., or nearly twice their length at 
the 6 wk stage.   
 
 When viewed through the araldite with transillumination [fig 25a], a great deal of detail 
can now be made out.  The fibre aggregates can be disinuished, and the neurovasculatr 
distribution very clearly mapped out.  With control of the depth of focus, the scattered 
mesenchymal cells between the muscles can be seen to conform to patterns of orientation.  
This is particularly evident at the distal ends of the web muscles where the general orientation 
of these cells is in radiating lines away from the end of the muscle.  The significance of this is 
not clear but it indicates that, whereas these cells seem to lie randomly when seen in 
histological preparations, when viewed in the whole mount they clearly have distinctive 
orientation. 
 
 When sectioned transversely the web muscls are seen to lie towards the ventral aspect 
of the web, and are represented by ridges of the ventral skin overlying them [fig 25c]  Elastin is 
being laid down between the muscles and the dorsal skin.  The general shape of the muscle is 
rounded in transvers section [fig. 25c], in contrast to the adult form which is more flattened in 
the axis of the web.  The fibre agregates are smaller, more numerous, and are separated by 
developing connective tissue [fig 25d].  It is not always possible to distinguish in light 
microscopy btween the individual fibres in these aggregates, but the aggregates themselves 
can be counted and vary between 51 and 83 in the muscles counted, with a mean of 61.  The 
nuclei are more readily counted, and varied between 27 and 60 with a mean of 41.  By this 
stage the nuclei of fibroblasts, vascular and neural elements can be clearly distinguished from 
the nuclei of the muscle fibres, and were no included in these nuclear counts. 
 
Electron microscopy reveals that the fibre aggregates are smaller and vary from 2 to 6 cells [fig. 
25e & f].  Basement membranes are readily seen, and extend around the component cells of 
the aggregates [fig. 26].  Some cells have at this stage separated off  
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from others, and are entirely surrounded by basement membrane.  The areas of contact 
between cells within an aggregate are more limited, more irregular, and there are fewer 
desmosome-like structures.  In places the basement membrane can be seen bridging over the 
gap betweeb the adjacent external edges of two cell within an aggregate. 
 
  There is considerable variation in the amount of actomyosin in the individual fibres 
at this stage.  The more advanced fibres contain up to 50% but they can be seen lying against 
fibres with only minimal amounts, and cells with none at all. These latter are by their position 
presumptive myoblasts.  Some of them have relatively little cytopolasm, and clumped chromatin 
in their nuclei, and could again be the earliest form of satellite cell, particularly in that they are 
now clearly seen lying beneath a basement membrane enclosing developing muscle fibres.  
Lipid contining vacuoles appear to be less numerous at this stage, as do ‘fuzzy’ pinocytotic 
vacuoles. 
 
 Each muscle has a well developed neurovascular bundle running along its length.  The 
axons are still small [0.25 – 1.0 micron], and are lying closely packed in groups, surrounded by 
single Schwann cells.  One Schwann cell was noted to be embracing 118 axons, without any 
attempt to enclose single axons or lay down myelin.  Developing end plates were seeen for the 
first time at this stage.  At earlier stages, neural elements could be seen in close proximity to 
individual fibres, but without any specific disposition and without end plate vesicles. 
 
 In summary, by 8 wk all the definitive web tissues are in evidence, growing uniformly, in 
close correlation with adult proportions.  The web muscles are still made up of fibre 
aggreagates, but these are more numerous, contain fewer cells, and are separatd by 
developing connective tissue.  Within the aggregates, there is a wide range of development 
from sells containing no actomyosin to maturing fibes with up to 50% actomyosin and an 
eccentric nucleus.  Some of the aggregate cells resemble satellite cells in that they are lying 
beneath the basment membrane of the aggregate, are lying adjacent to maturing fibres, have 
little cytoplasm, with no actomyosin, and contain clumped chromatin in their nuclei. 
 
 
 
Embryo No. 4  42 mm., 9.0 g., estimated age 11½ wks. 
  
 This embryo represents the mid-point of intrauterine development, in a gestational period 
of 21 – 22 wks.  It is however considerably less than half the neonatal weight and isze, as 
growth is accelerated in the second half of intrauterine development.  Thus its weight is only 1/5 
of neonatal weight.  The limbs are well flexed, and the forelimbs, being inherently longer, are 
wrapped wround the trunk in the roosting posture of adults, so that the webs lie applied to the 
body wall.  The web muscles measure 9.0 mm. or about 1/3 the length of the neomatal 
muscles. 
 
 Apart from the overall increase in size, little difference can be noted in the gross 
organisation of the web structures, particularly in that adult proportions are attained at earlier 
stages.  The individual web muscles are represented by pronounced ridges in the ventral skin of 
the web [fig. 27a].  When viewed in low power light microscopy the muscles have by this stage 
a definite grouping into fascicles, with considerably more development of the connective tissue 
architecture [fig. 27b].  Higher magnifications reveal that the by now familiar pattern of fibre 
aggregates, and indiviual fibres within the aggregates are more easily recognised.  Fibre counts 
varied between 112 and 330 in the six muscles counted, with a mean of 243 fibres.  Nuclear 
counts varied between 26 and 134, with a mean of 83.  Not enough distinction could be made in 
light microscopy between the nuclei of muscle fibres and those of possible satellite cells lying 
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beside them, so that these counts represent all the nuclei seen in the fibre aggregates, or in 
individual fibres lying singly, in a given transverse section of a whole muscle. 
 
 In the electron microscope, the general features of the fibre aggregates [fig. 27c] are 
similar to those described for the stage before.  There is considerably more actomyosin in the 
more mature fibres, which now measure up to 8. microns in diameter, with a mean diameter of 
about 5 microns [c.f. adult fibre diameter of 10 - 13 microns].  Some fibres contain up to 80% of 
actomyosin in their cytoplsm, and myonuclei are more frequently seen in a peripheral position in 
the fibre.  There is still however a complete range of pleomorphism in the constituent cells of 
individual aggregates, varying from the compact cell containing little cytoplasm and no 
actomyosin, through myoblast and myotube stages to the more mature-looking fibre.  Individual 
maturing fibres are again seen isolated from others, with their own basement membranes, but 
immature forms are never seen in isolation, and are always in close apposition to more mature 
fibres.  Occasional desmosome-like structures and ‘fuzzy’ pinocytotic vacuoles are seen within 
fibre aggregates.  The important conclusion that can be drawn at this point is that newly 
developing fibres seem to arise only within fibre aggregates, alongside well esetablished and 
more mature fibres, and not in isolation from them.  It is also relevant to note here that total fibre 
number is still less than ½ the adult number for these web muscles. 
 
 Basement membranes are so clearly defined by this stage that the relationship of a given 
cell to a basement membrane can be more precise [fig. 29].  Some of the cells lying within the 
aggregate basement membranes are again quite distinctive, containing little cytoplasm, no 
actomyocin, and irregularly clumped chromatin in their nuclei.  These cells can be recognised 
without difficulty in transverse sections, but are more difficult to discern in longitudinal sections, 
particularly because plasma and basement membranes are so frequently sectioned obliquely in 
this plane and therefore appear indistinct.  However, where a given fibre aggregate is cut in true 
longitudinal section, at about its widest point, plasma and basement membranes are more 
distinct.  In these accurate longitudinal sections, some of the undifferentiated cells can be seen 
to have limited amounts of cytoplasm, to be fusifom in shape, and to be lying closely applied to 
a more mature fibre.  Their nuclei are again quite distinctive and can be contrasted readily with 
the myonuclei.  They have therefore all the essential characteristics of adult satellite cells and 
must be labelled as such on these criteria [figs. 27d and 28]. 
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 The nerves in the web muscles are much more adult in form by this time.  Individual 
axons vary in diameter from 0.3 – 1.5 microns, and are supported by Schwann cells, the 
cytoplasm of which is enfolding the majority of the axons, but without development of myelin.  
Endoneural collagen is present in abundance and perineural cells are seen extending around 
groups of Schwann cells and their enclosed axons. 
 
 In summary, at the chronological mid-point of gestation, the web muscles are about 1/3 
their length at birth, though body weight is still only 1/5 of birth weight.  There is considerably 
more architectural development of the web muscles by this stage, and the fibres are loosely 
arranged in fascicles.  Fibre aggregates are still in evidence, though they contain in general only 
2 or 3 fibres.  Basement membranes are well-defined, and can be seen around the fibre 
aggregates and around the increasing number of singly placed fibres.  Within aggregates there 
is still a complete pleomorphism from myoblast to maturing fibre.  Certain mononuclear cells, 
containing little cytoplasm, fusiform in shape, and with distinctive nuclei, fulfil the essential 
critera for satellite cells, and are therfore distinguished as such.  The important conclusion is 
drawn that new fibres are still being formed at this stage [fibre number is still less than ½ adult 
number], and that these new fibres are laid down alongside already established fibres, and 
closely applied to them, within a common basement membrane. 
 
 
 
Embryo No. 5:  21.0 g., estimated age 15 wks. 
 
 This embryo, though only about 3½ wks older than the last, is over double its weight, 
indicating the increased rate of growth seen at this stage of development.  The web muscles are 
18 mm. in length, again double that of the previous embryo.  The web has increased in size in 
all dimensions, so that growth can be reckoned to have occurred uniformly throughout the web 
tissues.  This is of importance when considering the manner in which the web muscles are 
lengthening.  The web tissues can again be studied by transillumination through the araldite in 
which they are embedded, but little extra can be learnt at this level of magnification. 
 
 When seen in low power light microscopy, the web muscles have a more definitive 
connective tissue architecture than previously, the muscle fibres being grouped into well marked 
fascicles [fig. 30].  About half the fibres are now lying singly, and are thus clearly discernable.  
The remainder are lying in small aggregates of 2 or 3 fibres.  The fibre number, counted for six 
muscles, varied betweeen 373 and 735 fibres, with a mean of 496.  Myonuclei and satellite cell 
nuclei together numbered between 53 and 182, with a mean of 98.  Thus total fibre number has 
approached the normal level for adult web muscles [200 – 1000 fibres, with a mean of 650], 
though the number of nuclei seen in transverse section is still less than half the adult number. 
 
 Electron microscopy reveals a picture which is essentially the same as the previous 
embryo, but with the following differences.  The single fibres, which now number half the  
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total, are much more mature, and though still only measuring 3 -6 microns in diameter, contain 
much more actomyosin, which now occupies about 95% of the cytoplasm [fig. 31].  Cells 
fulfilling the criteria for satellite cells are again regularly seen in close relation to maturing fibres.  
Within fibre aggregates, the majority of fibres exhibit a marked degree of maturity, and 
myoblasts or fibres with minimal amounts of actomyosin are rarely seen.  An attempt was made 
to count the satellite cells at this stage, in light microscopy, but this was not feasible, due to the 
degree of pleomorphism still existing in the cells within the fibre aggregates. 
 
 In summary, this phase of development is characterised by an increased rate of growth, 
wherby in 3½ wks the embryo is over twice its previous weight, and the web muscles have 
doubled in length.  The web muscle fibre number is now approaching the adult level, with about 
½ the fibres lying singly in the muscle, and the remainder arranged as small aggregates of two 
or three fibres.  All fibres are at a more advanced state of development, and satellite cells are 
seen lying beside maturing fibres. 
 
 
Embryo No. 6:  48 g., estimated age 19 wks. 
 
 This embryo, about 4 wks older than the previous one, has again more than doubled its 
weight in the time.  The web muscles now measure about 24 mm. which is only a 30% increase 
on the previouse stage.  The web muscles have increased more in bulk than in length. 
 
 When seen in light microscopy, the most striking feature is that there appear to be no 
more fibre aggregates, and the fibres are of a uniform size and shape, arranged in fascicles [fig 
32. P.84].  they are thus readily counted, and numbered between 273 and 1055 in six muscles 
counted, with a mean of 645 fibres.  The muscle nuclei are resolvable into two distinct 
categories, large paler staining myonuclei with nucleoli, and the darker staining nuclei of 
satellite cells.  The number of myonuclei varied between 125 and 430, with a mean of 273, and 
satellite cells varied between 14 and 60, with a mean of 38.  At first sight these counts would 
seem to vary over rather wide limits, but they must be correlated with the adult anatomy of the 
web muscles.  These muscles, though appearing to be of fairly uniform size, do in fact vary in 
thickness and width to the extent that their contained fibre number can range between 200 and 
1000 fibres, which is the range found in the small sample counted in this embryo.  Of further 
importance is the ratio of myonuclei to fibre number and satellite cell number to myonuclei.  
These ratios [Table No. 5] show a distribution which is proportionately more restricted than the 
fibre counts alone, indicating that the relationships, within these muscles, of their constituent 
cells and cell nuclei, are fairly consistent.  Further elucidation of these ratios could be achieved 
by taking a larger sample.  
 
 Electron microscopy reveals a distinctive pattern of the muscle fibres.  The majority now 
lie singly, with a well defined, regular basement membrane surrounding them.  They present a 
well rounded contour when seen in transverse section and vary in width from 4 – 8 microns.  
Fibre aggregates, as seen in early stages, are now no longer seen.  The fibre sarcoplasm in 
now almost completely filled with myofibrils, in an adult type of distribution.  Myonuclei are 
situated at the periphery of the fibre, though some retain a central position, surrounded by 
densely-packed myofibrils. 
 
 Satellite cells are easily recognised and quite distinctive [fig 33. P.84].  They tend to 
adopt the general contour of the fibre, thereby indenting the sarcoplasm of the fibre they lie 
against.  Their nuclei contain densely clumped chromatin, and occasionally contain nucleoli.  
Their cytoplasm varies in amount, but is in general reduced in amount, giving a nucleo-
cytoplasmic ratio of more than unity.  When their cytoplasm is increased in amount it contains 
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increased numbers of mitochondria, free ribosomes and granular endoplasmic reticulum.  
Desmosome-like regions beween the adjacent plasma membranes are now not seen.  The 
nuclei usually have a smooth contour, though are occasionally crenelated, in the manner seen 
in the satellite cells of adult muscle.  Some fibres are seen with more than one satellite cell 
related to them, in a given transverse section, but in this case the two satellite cells are 
staggered along the parent fibre so that the tapering end on one would be seen opposite the 
mid-region of the other.  These satellite cells are therefore essentially the same as those seen 
in adult muscle, though they exhibit rather more pleomorphism.  If the presence of nucleoli is 
taken to exclude a cell from being designated a satellite cell, then it can be stated that certain of 
the cells seen in these fibres are in general morphology similar to satellite cells but contain 
nucleoli.  
 
 Collagen is being laid down much more extensively by this stage, and can be seen in 
sheets of closely packed fibres between the individual muscle fibres, and in larger masses 
delimiting the fascicles.  It is in the main orientated in the long axis of the muscle, as in the 
adult.  Fibroblasts are by how very distinctive; their cytoplasm extends in long pseudopodia 
between the muscle fibres, contains large amounts of granular endoplasmic reticulum, and has 
no basement membrane related to it. 
 
 In summary, myogenesis in the web muscles, in terms of fibre number, can be taken to 
have been achieved by the later stages of intrauterine development, as typified by this 19 wk 
embryo.  The number of myonuclei and satellite cells are also of adult range, though this must 
be offset by the fact that these muscles are still less than 1/3 of the adult length. The satellite 
cells, thought still showing more pleomorphism than in the adult, fulfil the essential criteria for 
satellite cells, and can be justifiably labelled as such. 
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Study of neo-natal bats. 
 
 80 
 Though this study was essentially confined to the period of intruerine development, 
several young bats in the neonatal period were collected during this study and their webs were 
also studied.  Two of these were selected for more detailed study, and the results are included 
here. 
 
Neonate No. 1:  45.3g., estimated age: within 1 wk of birth 
  
 This young bat had its umbilical cord still attached, and had no ventral hair.  Its weight 
was less than that estimated to be the mean birth weight, probably indicating that it had lost 
weight in the immediate post-natal period.  Its web muscles measured 32 mm. indicating that it 
is probably 2 or 3 wks older than the previously described embryo. 
 
 The webs present very little gross difference from the previous stage, and they still have 
no hair in the axilla.  The muscles were studied in their middle section, and of 6 muscles 
counted, fibre number varied from 389 -750, with a mean of 594.  Myonuclei counts varied from 
124 – 27, with a mean of 195.  Satellite cells were found in numbers from 20 – 47, with a mean 
of 32.  The majority of myonuclei are now seen to lie peripherally in the fibres, the diameter of 
which varies from 5 – 9 microns, with a mean of 7 microns.  This can be compared with adult 
fibre diameter, which varies from 9 – 20 microns.  The mean length of myonuclei at this stage is 
17 microns. 
 
 Satellite cells are regularly seen, and have a more uniform morphology, the majority of 
them having only small amounts of cytoplasm, and a myo-nuclear ratio of more than one. 
 
 In summary, the essential features at this stage are similar to those of the embryos of 
late pregnancy.  Muscle fibres are wider and more adult in form, and satellite cells are less 
pleomorphic. 
 
Neonate No. 2:  71.1 g., estimated age: 5 wks post-natal. 
 
 This young bat had full coverage of hair, in adult distribution, and was estimated to be 
about 5 wks post-natal.  Its weight shows a considerable increase, by comparison with the 
previous one, but this is difficult to evaluate until larger samples of young bats are obtained, and 
parameters of neonatal weioght and development worked out.  The web muscles measured 
54mm., or rather more than half the adult length.  Of 6 muscles counted, fibre numbers varied 
from 368 – 668, with a mean of 508.  Myonuclei varied in number from 138 – 245, with a mean 
of 196, and satellite cells varied from 29 – 65, with a mean of 44. 
 
 Fibre diameters now vary between 9 -15 microns, with a mean of 12 microns.  The 
general morphology of the muscles is, as would be expected, very similar to that described for 
the previous two peri-natal bats.  Satellite cell are readily seen in electron microscopy, and have 
a more uniform morphology [Fig. 35].  They are about 27 microns in length, with a nucleus of 
about 12 microns.  An important observation was that of a mitotic figure in a satellite cell [fig 34b 
and c]. 
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 The neurovascular elements now conform much more nearly to the adult pattern.  Fibre 
number and myonuclei are still short of the adult range as seen in transverse section, though 
satellite cell counts are higher than the normal adult range.  The muscles are 60% of the adult 
length, and must therefore increase their length by 40% before reaching maturity. 
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Increase in number of myonuclei during embryogenesis. 
 
 When the number of nuclei seen in transverse sections is multiplied by the length of the 
muscle, a scale can be obtained of the relative rate of increase in their number during 
embryogenesis [Table 5, p. ***].  From these figures a curve can be plotted, as shown in Fig. 
36, p ***].   The uninterrupted curve in Fig 36 represents the rate of increase of a value, 
increasing in a geometric progression, calculated to reach 6000 at about the same time.  From 
the two curves it can be seen that the rate of increase of myonuclei approximates to that of a 
geometrical progression, and is far from being an arithmetic progression, which would be a 
straight line on the graph.                                    - - - o - - -   
Discussion 
 
 The important facts that emerge from this study are as follows: 
 
 1]   The web primordium develops as a distinct entity from the lateral body wall, and is 
invaded by axons before myogenesis has commenced. 
 2]   The web muscles are laid down, from the earliest, in a form and distribution 
presaging the adult arrangement.  Early muscle fibres lie closely bunched, in aggregates. 
 3]   Subsequent development of the web muscles involves a steady increase in the 
number of fibres, increase in the number of aggregates, but decrease in the number of fibres 
per aggregate.  New fibres are always laid down in the fibre aggrgates, and do not appear 
singly.  Single maturing fibres appear in increasing numbers from the middle of gestation 
onwards. 
 4]   As the number of fibres within fibre aggregates decreases, so the pleomorphism 
seen at earlier stages is reduced to 2 cell forms, the maturing fibre filled with myofibrils, and 
satellite cells closely applied to the side of it, beneath a definitive basement membrane. 
 5]  The number of fibres and myonuclei, as seen in transverse section in the neonatal 
period, is about 80% of the adult number, with proportionately more satellite cells.  Considerable 
growth in length of the fibres has still to occur, with concomitant increase in myonuclei, from 
birth to maturity. 
 6]  Growth of the web is steady and unifrom with uniform growth of its contained 
structures.  
 
 From this, certain of the questions raised at the outset of this study can be answered 
categorically.  Myogenesis in the web is distinctive and readily studied.  Satellite cells are seen 
throughout the latter half of intrauterine development, and are particularly clearly seen in the 
perinatal period.  The main question to be discussed here is the behaviour of the satellite cell, 
its own embryogenesis and its role in the formation of developing fibres. 
 
 In this study, only the mid-region of the web muscles was studied to any depth.  This is 
valid for a comparative study of the region, but it must be asked whether this is representitive of 
the muscle development in its entire length.  Several factors must be considered here.  In the 
few cases where muscles were studied at points other than the middle region, no difference 
could be seen between the stage of development throughout the muscle.  Longitudinal sections 
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bear out this same observation. The muscles themselves, from an early stage, are adult in form, 
with uniform width in the middle section and tapering ends, and their growth within the web 
indicates a uniform development along their length.  Adult web muscles are about 90 mm. in 
length, yet contain short fibres with a mean length of only 10 mm, arranged at random along the 
muscle.  As the web muscles are developing uniformly, it can be assumed that their contained 
fibres are being laid down in a manner presaging the adult arrangement.  This is substantiated 
by the manner in which the nerves are seen to be distributed to the developing muscle.  It can 
then be assumed that in any given transverse section in the centre part of the muscle, different 
fibres will be sectioned at different points along their length, and at their ends.  If there were 
marked differences in form between the middle and the ends of developing fibres, these would 
be noticed in transverse sections of the whole muscle.  This could indeed be the case where so 
much pleomorphism is seen in the early fibre aggregates, but it is not the case in later embryos, 
where the salient feature is the marked degree of uniformity of development of all the fibres at 
any given stage.  Thus it is concluded that a detailed study of the mid-region of these particular 
puscles, valid anyway as a comparative series, is also representative of the whole muscle. 
 
 In earlier embryos, where there is still a wide range of pleomorphism within fibre 
aggregates, 2 or more cell lines could easily exist, rendering it difficult to identify any given cell 
with certainty.  But in later embryos, the cell types are reduced essentially to two, the maturing 
muscle fibre and its accompanying satellite cells.  There are no myoblasts of the classic type 
[large nycleus with nucleolus, profuse cytoplasm containing polyribosomes and mitochondria], 
in these later embryos.  Yet there is a steady increase in myonuclear number.  The only 
mononuclear cell type is the satellite cell, and it is seen in mitosis, so the obvious inference 
must be that it is the progenitor of myoblasts.  Indeed, all myoblasts may appear like satellite 
cells at this stage of embryogenesis.  If there are two cell lines – myoblast and satellite cell – 
they are indistinguishable in this present study. The salient feature of the fibre aggregate 
arrangement is that new fibres are formed within a common basement membrane, alongside 
more mature fibres, implying that myoblasts arise in the very situation where satellite cells are 
always found.  Basement membranes are only seen around aggregates containing fibres that 
have reached the myotube stage, with 50% or more of their cytoplasm occupied by myofibrils.  
The inference from this is that basement membrane is only synthesized after fibres have 
reached a certain degree of maturation.  Basement membrane has a limiting and guiding effect 
on myoblasts in regenerating muscle, and it can be assumed to have the same effect in 
developing muscle. 
 
 Before basement membrane appears, in earlier embryos, the aggregated fibres and 
myoblasts are held together by desmosomal attachments, indicating again the necessity to 
maintain myoblasts in close contact with developing fibres.  Desmosomes become 
progressively less frequent during embryogenesis, and none are seen when basement 
membranes are well established. 
 
 Though it is clear that myoblasts are regularly being added to the developing fibres, by 
fusion with them, the actual moment of fusion was not observed.  Certain micrographs give the 
appearance of disappearing membranes, but where these are sectioned obliquely, accurate 
interpretation can be difficult.  By contrast, there was every indication that fibres, once formed, 
were retained in close contiguity, whether by desmosomes in early stages, or by comon 
basement membranes in later stages, and despite this, did not fuse.  Rather, as a younger fibre 
developed within the basement membrane of an older fibre, new basement mambrane was 
formed beteen the two to separate them.  The inference from these observations is that fibre 
plasma membranes will not fuse with each other, but will accept at all stages mononucleated 
myoblasts which are ready for fusion. 
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 It is significant that ‘classic’ large myoblasts are not seen in late intrauterine development 
or thereafter, but only cells with the morphology of satellite cells.  In the economy of the growing 
fibre, it could be suggestd that the essential need is not for cells with large amounts of 
undifferentiated cytoplasm, but rather for more nuclei to add to the syncytium.  Myonuclei can 
move freely within myotubes [Holtzer et al, 1958], so that wherever a new cell is incorporated 
into the syncytium, appropriate redistribution of the myonuclei could take place.  There is no 
needd to think of myoblasts being added only at the ends of the myotube, though new 
sarcomeres probably are.  Satellite cells are seen evenly distributed along developing fibres, so 
it could be assumed that their daughters, once ready for fusion, will be absorbed into a fibre 
wherever they are.  MacConnachie et al [1964], using tritiated thymidine in post-natal rats, saw 
that the majority of labelled subsarcolemmal cells were paired, indicating a recent mitotic 
division, and daughter cells moved apart so that there was an average of 100 microns between 
them by 72 hours.  Another point that must be made is that satellite cells must be of two distinct 
types, those that will fuse with, and those that will not fuse with, developing fibres, otherwise 
they would all fuse and be ‘lost’.  This subject is taken up and developed in the General 
Discussion of Section V, below, where a model for embryogenesis is proposed, incorporating 
these observations. 
 
 The need for small myoblasts in the later stages in developing muscle can be contrasted 
with the need for large myoblasts in regenerating muscle.  In many types of injury to adult 
muscle fibres, the sarcoplasm is disrupted, and removed by phagocytosis, to leave an empty 
sarcolemmal tube, which collapses into folds.  The need here is for large cells to fill these empty 
tubes, fuse together and then lay down the requisite actomyosin.  Similarly, it could be 
suggested that in the earliest stages of embryogenesis, where there is as yet no muscle, the 
need would be for large myoblasts. 
 
 Ishikawa [1966], in his detailed and elegant study of the cytology of skeletal muscle 
embryogenesis, rightly indicates that ‘there is no structural evidence for the differentiation of 
satellite cells into muscle cells’.  The implication from the present study is that there is no need 
for ‘differentiation’ until the myoblast has fused with the developing fibre it is lying against, at 
least in the later stages of development.  Ishikawa also suggests, as a possible function of 
satellite cells, that they might participate in the separation of individual  muscle fibres.  This 
would be mechanically difficult, in view of the relative sizes of the two, but remains a possibility. 
 
 The observation that there are only two cell types, maturing fibres and satellite cells, from 
late gestation into the neonatal period, runs counter to an observation of Muir et al [1965], who 
refer to certain ‘satellite cells’ containing a few myofibrils, as seen in 3 – day post-natal mice. 
Okazaki & Holtzer [1966], studying myogenesis, state that both in vivo and in vitro 
mononucleated myoblasts from early [3-day] chick embryos show typical striated myofibrils, and 
that, later in development, these myoblasts fuse to form multinucleated myotubes.  
Mononucleated myoblasts were relatively rare in 11-day chick embryos, and in older muscle, 
synthesis of contractile proteins was confined primarily to multinucleated myotubes.  In an 
earlier paper on myogenesis [Okazaki & Holtzer, 1965], these authors also showed that 
mononucleated elongated myoblasts engaged in myosin synthesis never exhibited a mitotic 
figure.  These studies indicate that mononucleated cells containing actomyosin are only seen in 
early embryogenesis, and even there are committed to fusion without further cell division.  Betz 
& Reznik [1964], studying regeneration of striated muscle fibres under different experimental 
conditions, say they never saw myofibrils in mononuclear cells, even when they were fusing.  
Against this Recondo et al [1966] studying atrophic muscle, describe ‘formations filamentaires’ 
in the cytoplasm of some of the satellite cells, and Allbrook [1962], studying crush lesions of the 
tibialis anterior in mice and rabbits, also saw certain mononuclear myoblasts containing 
actomyosin.  Further studies would reveal the exact nature of the ‘satellite cells’ containing 
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myofibrils, as reported by Muir et al.  But even if mononuclear cells of this type are regularly 
seen in the later stages of muscle development, it could be argued that they are not ‘true’ 
satellite cells in that they are committed to fusion with a muscle fibre, without further mitotic 
division, whereas a ‘true’ satellite cell can be defined as a cell which retains the ability to divide 
to furnish myoblasts, but never itself fuses with a muscle fibre, as it would then be ‘lost’. 
 
 A number of interesting facts emerge from the quantitation of fibre number, myonuclei 
and satellite cells.  Fibre number increases at a greater rate than muscle length, so that in the 
neonatal period fibre number is up to 80% of adult number, but is still only 1/3 of the adult 
length.  Myonuclei in the neonatal period are longer than adult myonuclei, being about 17 
microns against the adult 10 – 12 microns.  They will thus be seen more frequently in transverse 
sections, in neonatal muscle, and their number must be reduced by a factor of 2/3, to correlated 
them with the definitive adult number.  From this, it can be estimated that there must be a 4 – 5-
fold increase in the number of myonuclei from birth to maturity.  This can be correlated with the 
observatioins of Enesco [1961], who showed that in rats the number of fibres did not increase 
after birth, but there was a 3-fold increase in the number of myonuclei in 3 mths.  Gordan et al 
[1966] showed a steep increase in DNA in rat muscle up to 90 days when it stopped, implying 
the regular addition of myonuclei to the fibres during this time.   
 
 Satellite cells are seen in the neo-natal period in greater than normal numbers, though 
they are slightly longer, so that in muscles which are about 1/3 of the adult length at birth, they 
would have to increase in total number by about 3 times during growth to maturity.  If satellite 
cells are a separate cell line, only needing to furnish further satellite cells, each cell would only 
have to divide once or twice from birth to maturity, to provide the adult number.  As these 
animals mature in 18 – 24 months, the chances of seeing mitotic figures in these cells would be 
very remote.  But the very reverse is the case.  MacConnachie et al [1964] saw large numbers 
of mitotic figures, particularly in young animals.  Shafiq et al [in press] also saw the satellite cells 
proliferating by mitosis. 
 
 The conclusion that must be drawn from all these observations is that the satellite cell is 
a source cell for myoblasts in developing muscle.  The pleomorphism of early embryogenesis 
renders their recognition difficult, but from late embryogenesis to maturity they assume their 
subsarcolemmal position and form.  In post-natal muscle, myonuclei are suppied by the regular 
mitosis of satellite cells, the daughters of which have little cytoplasm and are incorporated into 
fibres as small cells.  As maturity is reached, the stimulus for mitosis is withdrawn so that a 
certain number of satellite cells remain ‘dormant’ in their subsarcolemmal position.  They are 
then better named reserve myoblasts. 
 
 The findings and interpretations of this study are summarised in Fig. 37.  This diagram 
portrays a possible sequence of events in the development of a small group of fibres, from 4 – 
20 wks of intra-uterine development.  At the 4 wk stage two closely related fibre aggregates are 
shown, the cells of which are lying in close proximity, held together by desmosomes.  A cilium, 
[not to scale] is shown protruding from a cell which does not contain actomyosin, but which is 
closely related to cells which do.  The number of young fibres at the 4 wk stage is about 1/8 of 
the adult number.  By 8 wk the fibre number has increased 4-fold, but the majority of fibres 
remain in aggregates.  Some maturer fibres are separate.  Basement membranes are beginning 
to be formed so that certain subsarcolemmal cells, such as the one depicted beside fibre no.2, 
can be named satellite cells.  By 12 wks fibre nos. 1, 3 and 4 have matured enough to separate 
from each other, but meanwhile younger fibres have developed alongside fibre nos. 1 and 3, 
under common basement membranes.  By 16 wks the fibre number is approaching adult 
figures.  Fibre nos. 3, 5 and 6 have separated from each other, and fibre no. 4 is now nurturing 
a young fibre, no. 8.  A satellite cell is shown alongside fibre no 3, and a fibroblast is also 
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depicted, laying  down collagen between the now well-separated fibres.  By 20 wks adult fibre 
number is   
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attained, and all fibres are separate from each other.  The pleomorphism of earlier stages is 
reduced to two cell forms – well developed fibres, and satellite cells which are multiplying by 
mitosis.  The majority of the myonuclei are now peripheral in position and the sarcoplasm is 
packed with myofibrils.  These fibres are still narrower, and considerably shorter, than adult 
size. 
 
              - - - o - - -  
 
 
Summary 
 
 In this study of the embryogenesis of the fruit bat web, a detailed analysis is undertaken 
of the embryogenesis of the web muscles, studying in particular the origins of satellite cells and 
the part they play in myogenesis.  The web arises as a bud on the lateral body walol, and is 
invaded early by axons.  The web muscles appear, from the earliest, in a position and 
distribution presaging the adult arrangement.  The earliest muscle fibres are grouped together in 
aggregates.  As fibre number increases, aggregate number also increases, but with fewer fibres 
per aggregate.  A very  pleomorphic situation develops while the majority of new fibres are 
being formed, but new fibres are always laid down alongside older ones.  As basement 
membranes are formed, they are initially around fibre aggregates, but come to surround each 
fibre as it matures and separates from others.   Satellite cells are clearly recognisable from the 
time that basement membranes are apparent.  Toward the end of intra-uterine development, the 
pleomorphic situation of earlier stages is reduced to two cell types; the maturing muscle fibres, 
and the satellite cells lying alongside them.  The satellite cells divide actively to provide further 
myoblasts which are incorporated into the lengthening fibres.  By birth, fibre number is 
approaching the adult range, but the muscles are only 1/3 of the adult length, so that continued 
recruitment of myonuclei has to occur from birth to maturity. 
 
 The conclusion is drawn that the satellite cell is a source cell for myoblasts in embryonic 
and developing muscle.  It is distinct from its daughters which can fuse with developing fibres.  
Myonuclear increase approximates to a geometrical progression in the first 16 wks of 
development, indicating that the majority of myoblasts destined to fuse multiply by mitosis 
before fusion. 
 
                 - - - o - - - 
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The function of the satellite cell of skeletal muscle can not be immediately inferred from a study 
of its morphology in normal muscle.  Having no actomyosin in its cytoplasm, it is clearly not 
contractile like the muscle fibre.  Yet is is regularly found in developing and adult muscle, under 
normal and pathological conditions, so that the geneal assumption can be made that it is 
essential to the full function of muscle.  The high nucleocytoplasmic ratio,and scanty evidence 
of protein synthesis in the cytoplasm, would imply that it is normally in a ‘resting’ state. 
 
 A number of questions can be asked. Is the satellite cell static, remaining iin the same 
situation in the fibre, or can it move up and down the fibre?  Can it pass through the basedment 
membrane of the sarcolemmal sheath?  Is it interchangeable with other cell types, such as 
fibroblasts, or histiocytes.  Is it capable of phagocytosis?  Is it necessary to the normal fibre in 
some ‘supportive’ or ‘trophic’ role?  Does it synthesise basement membrane?  What is its 
normal life-span?  None of these questions can yet be fully answered, though some can be 
partly answered from the past and present studies.  All of them are subsidiary to the 
fundamental question of this present study:  Is the satellite cell the reserve myoblast of skeletal 
muscle? 
 
 The experiments described here were designed to elucidate the behaviour, under various 
specific experimental conditions, of the satellite cell and in particular to seek an answer to the 
last question.  Certain recognition of this cell is only assured in the electron microscope, so that 
any experiments designed for the study of satellite cells must be subject to the practical 
applications and limitations of that research technique.  A severe limitation of electron 
microscopy is that biological tissues can only be observed iin the fixed state, so that dynamic 
biological situations are frequently hard to assess.  The ideal is to so standardise experimental 
technique, that cell behaviour becomes less varied,and canbe moree accurately observed at 
successive stages.  Only small biopsie, of 1 – 2 mm. in aize, are suitable for preparation for 
electron microscopy.  Thus experimental lesions, if possible, must be small, so that problems of 
orientation and sampling can be overcome. 
 
 The fruit bat web, with its contained small skeletal muscles, offers a tissue which is 
particularly suitable for application to these problems.  The individual web muscles are only 
about 2mm wide, and are separated from each other in the web by distances of between 50 and 
75 mm, with their neurovascular supply crossing them obliquely, so that effective access can be 
had to 30 or more individual muscles, in any one animal.  Small lesions can be accurately 
placed in the muscles, so that the whole lesion is of suitable size for subsequent light and 
electron microscopy.  The use of the fruit bat as a laboratory animal is described in detail in 
Appendix [i], and reprints of previous reports, using this animal, [Church & Noronha, 1965: 
Church et al, [1966] are attached at the end of the thesis. 
 
 
CRUSH  LESIONS  IN  THE  WEB  MUSCLES. 
 
 Skeletal musclle can be experimentally injured in many different ways, by using physical 
or chemical agents, or depriving it of its neurovascular supply.  The most frequently employed 
techniques have been transverse section, crushing with forceps, heat coagulation, freezing, 
ischaemia and denervation.  The regeneration process, following a simple injury such as 
transverse section, can also be modified by such agents as x-rays, colchicine, Actinomycin D, 
and cortico-steroids.  The general process of regeneration, whereby myoblasts appear and fuse 
to form new fibres, is seen following most, if not all of these types of injury, indicating that the 
potential response is uniform, and independent of the nature of the injurious agent.  The overall 
result however, depends on a number of factors, the most important of which are the extent to 
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which the architecture of the muscle is disturbed or destroyed in the lesion, the preservation or 
recovery of the neurovascular supply, and infection. 
 
 An ideal experimental lesion could be defined as one in which all variables are reduced 
except one, which is then studied.  In skeletal muscle a number of variables have just been 
mentioned, and are controllable.  The essential process to be studied here is the behaviour of 
the subsarcolemmal satellite cells.  Thus an ideal lesion for the study of these cells would be 
one in which the architecture of the muscle remains undisturbed, with intact basement 
membranes and endomycial collagen, and the neuro-vascular supply is undamaged or recovers 
rapidly.  Infection must also be rigorously avoided, if possible.  If these factors are all controlled, 
the sarcoplasm should then be damaged maximally, so that the potential for regeneration can 
be severely tested, and yet be given a good chance for optimal recovery, within the intact 
basement membranes. 
 
 The bat web muscles are readily accessible to different types of experimental injury, but 
the most easily standardised is percutaneous crushing.  The percutaneous crush lesion comes 
closer than any other to the ideal lesion described above; skin and blood vessels are unbroken, 
so that haemorrhage and infection are avoided; the architecture of the web muscle remains 
intact; there is gross disruption of the sarcoplasm of every fibre in the segment of muscle 
crushed. 
 
Methods 
 
 Different types of apparatus used for inflicting crush lesions to the bat web muscles are 
shown in fig. 38.  The crushing blocks are made in perspex, as its transparency   
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facilitates the placing of lesions on preselected sites.  The essential feature of the design is the 
area of the crushing block, which in the three types shown, is 1 x 8 mm., 4 x 10 mm., and 5 x 14 
mm. respectively.   It is mounted under a perspex strip, together with a foot-piece at the other 
end of the strip, so that the crushing surface lies squarely on the web, ensuring an even 
distgribution of the crushing force to the tissues.  The rigid perspex baseboard, or frame, on 
which the bat is extended, provides a firm base on which the webs rest, and being smooth, 
further ensures an even distribution of force when the crushing block is placed on the web. 
 
 A light can be placed below the extended web so that the web tissues can be 
transilluminated.  As the perspex crushing block is also translucent, the distortion of the tissues 
during crushing can be directly observed.  A series of photographs taken of the transilluminated 
web, before, during and after crushing, are shown in fig. 39.  For the majority of lesions in this 
study, the smaller crushing block, with crushing surface of 1 x 8 mm., was used, as the resultant 
lesions were of suitable size for biopsy excision, together with undamaged muscls either side, 
for processing for electron microscopy.  A weight of 1 K. was placed on the crushing block for 
10 minutes.  Other details of the methods employed in this experiment are given in the reprint 
[Church et al [1966]. 
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Results.                       
 
 As pressure is applied to the crushing block the web muscle beneath it is seen to splay 
from its normal width of about 2 mm. to about 6 mm.  This would indicate that the number of 
muscle fibres in the thickness of the web muscle, about 10 – 15, is reduced during crushing to 
about 3 – 5.  The greater the weight applied, the greater the degree of splaying, and the more 
nearly each individual fibre is exposed directly to the crushing forces bewteen the crushing 
block and the perspex baseboard.  Under the standard conditions used for the majority of the 
lesions [1 K. applied for 10 min.] every fiibre in the crushed muscle segment exhibited the same 
type of disorganisation, indicating from the histology that the crushing force had been standard, 
not only to the whole muscle, but also to individual muscle fibres. 
 
 On gentle removal of the weight and crushing block, the crushed segment of muscle 
remains splayed out for a few more moments, and the vessels remain occluded.  Arterial 
pulsations can be seen proximally where the vessel becomes occluded as it enters the lesion, 
and similarly there is venous engorgement distally.  Though the crushing force, undee these 
conditions is severe enough to cause extensive and irreversible damage to the skeletal muscle 
fibres, it is not severe enough to disrupt basement membranes or collagen, so that the general 
architecture of the tissues is retained, and there is no distruption of the skin or haemorrhage 
from the crushed vessels though the force is sufficient temporarily to occlude them by 
compression together of their walls. 
 
 Afer a few moments the arterial pressure is sufficient to force apart the adherent walls of 
the vessel, and arterial flow returns through the lesion.  A few moments later the venous flow 
similarly returns.  Meanwhile the splayed muscle regains its former shape, and the heaped up 
sarcoplqasm proximal and distal to the lesions gradually returns to a normal appearance.  The 
deformation of individual fibres can not be seen in vivo. 
 
 The smooth muscle fibres in the walls of the crushed vessels are subjected to the same 
crushing force aqs the skeletal muscle fibres, and are similarly disrupted.  This leads to 
immediate visible effects in the lesion.  The web veins are normally pulsatile, exhibitiing a 
rhythm of 15 – 40 contractions a minute.   The crushed segment of vein ceases to pulsate, after 
injury, though the distal and proximal contractions of the vein continue, and appear  
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to occur synchronously.  The crushed segment of artery develops aneurysmal dilatation, 
particularly marked at the two points of maximal shearing force, at each end of the lesion [fig. 
40]: 
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 The study of these vascular lesions, and their subsequent recovery, is in itself of 
considerable interest, but is only incidental to the present study.  However, the in vivo 
appearance of the damaged vessels provides an exact location of the lesion.  Once the gross 
deformity of the muscle, occasioned by the crushing force, has been restored to normal, within 
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the first half hour after injury, little further can be seen in vivo – the muscle appears normal – 
and it is because of this that it is so valuable to have the anatomical ‘marker’ of the damaged 
vessels. 
 
 The smooth muscle fibres in the crushed vessels also recover, as seen by the 
progressive diminution in size of the arterial dilatations, and their eventual disappearance by 3 – 
12 wk., depending on the size of the artery.  Similarly, the damaged venous segment regains its 
tone, and eventually becomes pulsatile.  If the vessels are of small calibre, they may appear 
completely recovered by about 3 wk after injury, so that the skeletal muscle injury might 
thereafter be lost. But this can be avoided by photography of the webs and also if necessary by 
making small punch holes in the web skin opposite the lesion at a stage before the vessels 
have completely recovered.  ‘Tagging’ of the lesions in this way was particularly important in the 
study of well-recovered lesions, 12 wk or so after injury where the skeletal muscle fibres have 
by then completely recovered, and are indistinguishable from normal, both in vivo, and in 
histology. 
 
 A further means of location of the lesion, while still in vivo, is provided by the changes 
which occur in the skin.  When epidermis is injured it responds by an increased rate of mitosis.  
In the web crush lesions, this is demonstrated by a thickening and hyperkeratosis of the 
crushed area, particularly on the dorsal aspect of the web.  This process is maximal about three 
weeks after injury, when the crushed area appears darker on transillumination.  This again lies 
in the plane of the skeletal muscle lesion, confirming its location.  In later lesions, however, 
these changes revert to normal. 
 
 In summary, the crush lesions to the web muscles, as made under these conditions, are 
not only standard and repeatable, but much can be learnt about them in vivo, they can be 
identified on repeated observations of the web, and they are of sufficiently small size to be 
excised whole for light and electron microscopy. 
 
HISTOLOGY 
 
 The histological appearances of the crushed web muscle fibres, and their subsequent 
recovery, have been fully described in the earlier report [Church et al, 1966].  There is a 
shearing force at the two edges of the crushing block, together with violent compression and 
distraction of sarcoplasm.  This leads to a characteristic deformation of the disrupted 
sarcoplasm, and distortion but not rupture of the sarcolemmal tube [fig. 41 a, b and c].  When 
followed through serial transverse sections, every fibre is seen to be disrupted in the same way, 
so that to this extent, the lesion is maximal.  Nerves and the smooth muscle fibres in the larger 
vessels, are also disrupted [fig. 41 d and e].  Distortion in the centre part of the crushed 
segment is more varied, and a certain amount of distorted cross  
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striation is still visible in early lesions.  This disappears within the first few days after injury, large 
numbers of histiocytes appear within the fibres, engulf the debris, and later disappear.  The 
satellite cells disappear, and the myoblasts which follow them divide actively by mitosis to fill the 
empty tubes, fuse and form new fibres, recovery being practically complete by 4 wks after injury 
[fig 41 f]  The process is summarised in fig 42: 
 
           
          Fig 42. 
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Discussion 
 
 The results of this study have been discussed in the previous report.  As satellite cells 
are not seen in regenerating fibres from the third to the sixth day after injury, but are replaced by 
cells in intermediary form and large myoblasts [fig 43], the inference is that the former have 
given rise to the latter.  Two other cell types, polymorphonuclear leucocytes and histiocytes, are 
seen in the early stages after injury, but their morphology is quite distinctive, and they are not 
seen after debris has been engulfed.  It is possible that all these cell types are interchangeable, 
but the evidence of previous work is against this.  Bintliff and Walker [1050] showed that 
labelled leucocytes invaded injured muscle, and left without becoming permanently involved in 
the regeneration of new tisue, and that ‘new muscle fibers were derived mainly or entirely from 
elements of injured muscle fibers’.  Walker [1963] also showed that connective tissue cells do 
not participate in muscle regeneration.  Zhinkin and Andreeva [1964] noted that during 
regeneration certain ‘nuclei migrate from undestroyed areas of muscle fiber, where they have 
proliferated by mitosis, and accumulate in muscle buds’.  Shafiq et al [1967], studying muscular 
dystrophy in man, state that though some satellite cells are similar to those of normal muscle, 
others are more comparable to early myoblasts. 
 
 The combined evidence of these sstudies is that non-muscle cells do not participate in 
muscle regeneration, and that satellite cells, derived from the injured muscle or adjacent 
undamaged muscle, give rise to myoblasts, which fuse to form new fibres. 
 
 It is also evident that satellite cells are capableof transformation, as they are not seen, in 
their ‘normal’ form during certain stages of regeneration.  It is necessary therefore at this point, 
to clarify the meaning of cartine terms as used to describe satellite cells in this study.  Criteria 
have been ladi down for ‘typical’ or ‘normal’ satellite cells, which are small fusiform cell, with 
ahigh nucleocytoplasmic ratio, and no nucleolus, lying beneath the basement membrane of the 
saarcollemmal sheath.  This paritcular porphology may only represent a phase, albeit a 
relatively long one, of the normal cycle of activity of the cell.  Similarly a ‘normal’ satellite cell is 
described as ‘resting’ in that its scamnty cytopolasm shows leittle protein synthesis.  This may 
be again rather arbitraary in that the ‘resting’ satellite cell may have quite specific biochemical or 
other roles in the normal economy of healthy muscle.  An ‘active’ satellite cell is then one which 
starts to look ‘abnormal’, by throwing out pseudopodia, detaching itself from the basement 
membrane, and developing increasing amounts of endoplasmic reticulum and ribosomes in its 
cytoplasm.  These terms are used in this way in this thesis, but other terms could equally well 
be applied.  An ‘active’ satellite cell could also be dscribed as ‘detached’ or ‘metamorphic’. 
 
 An important observation, made clear in the previous report, was that satellite cells are 
seen again in their ‘typical’ form in normal-looking fibres which have been formed in the 
damaged region.  The implication here is that, in addition to providing the requisite number of 
myoblasts to form the new segments of muscle fibre, certain daughter cells are destined to be 
set aside as new satellite cells, so that the morphology of the fully regenerated fibre is similar to 
that before injury.  The possibility remains though that the satellite cells seen in these 
regenerated fibres have migrated in from regions adjacent to the lesion, where they have 
divided by mitosis, in order to make up the loss of satellite cells in the lesion.  Those surviving in 
the lesions might indeed, ‘disappear’ by becoming pleomorphic during and after mitosis, but 
only with the purpose of furnishing further satellite cells.  That is to say, the satellite cell could 
still be a separate cell line, essential to muscle in some way, but not related to myoblasts or 
muscle fibre syncytium.  If this is so, than another source of myoblasts must be demonstrated, 
and the function of satellite cells would remain obscure. 
 
        - - - o - - - 
 100 
 
 
 
QUANTIFICATION  OF  THE  REGENERATED  CRUSH  LESIONS 
 
The quantification of skeletal muscle regeneration presents a number of problems, amongst 
which are those of satisfactory sampling of tissue, and the identification of different cell types 
during the pleomorphic stage of early regeneration.  In most accounts, the results of 
regeneration are expressed in general or relative terms.  Thus Adams et al [1962] state that 
provided the architecutre of the muscle survived, the reconstruction of ‘considerable lengths’ of 
muscle fibre is possible.  Walter and Israel [1963] state that ‘in general, damaged muscle is not 
replaced’, and in striated muscle, when individual muscle fibres are damaged, there may be 
‘limited regeneration’.  Pearce [1965] states that the ‘degree of regeneration’ will depend largely 
upon the intactness of the endomycium and sarcolemmal tubes. 
 
 Wright [1963], discussing the limit to which skeletal muscle fibres can regenerate, 
concludes: ‘In studies of the effect of trauma on striated muuscle, the ability or inability of its 
nuclei for multiplication is one of great significance and provides a problem which hitherto has 
hardly attracted the attention it deserves.  The restricted concept of regeneration . . . can, I 
believe, only be approached fruitfully by the application of new cyotological techniques for the 
detection of nuclear multiplication coupled with . . . quantitative methods . . .’ ‘The task will 
necessarily be arduous, but with the choice of some muscle that is sufficiently small for counting 
and measuring techniques to be reasonably applicable, it should not prove insuperable’.  
Wright’s ‘ sufficiently small’ muscle has been found in the bat web. 
 
 Satellite cells have not been counted in experimental lesions, or histopathological 
studies, though their number, when refered to, is again only indicated in general terms.  Thus 
Shafiq and Gorycki [1965] see them ‘much more commonly’ in the injured area, in regeneration 
following heat coagulation.  Lee [1965] sees ‘a large number’ of satellite cells in human 
dystrophic muscle, and Shafiq et al [1967] report that they are ‘commonoly seen’ in human 
dystrophic and polymyositic muscle where they are ‘more numerous’ at the foci of regeneration.  
Recondo et al [1966] refer to their frequent appearance in the early stages of neurogenic 
atrophy.  On the other haqnd, Aleu and Afifi [1964] thought they specifically looked for satellite 
cells in human dystrophoic muscle, say they ‘were not apparent’.  In a number of other reports, 
though satellite cells, or cells which are probably the same, are seen, no indication is given of 
their frequency, or distribution. 
 
 The bat web muscles, used in the experiments described above, have clear advantages 
over other conventional experimental tissues.  Muscles can be crushed transversely so that an 
entire segment is injured.  Furthmore, with the experience gained in the quantitation of satellite 
cells in normal web muscle, it was clear that the same technique could be applied to the 
regenerating lesions, following the crush injuries.  As early lesions are so pleomorphic, 
quantitation was only undertaken on well-healed lesions.  Though it was evident that the 
capacity for regeneration, under those conditions, was considerable, it was desirable to 
document this response in order to further strengthen the conclusion that skeletal muscle can 
regenerate completely, following the disruption of sarcoplasm in every fibre in a given segment.  
 
 
Methods 
 
 An adult male bat, weighing 256 gg. Was extended on the perspex frame, and crush 
lesions were made to the web muscles, in the standard way, as already described.  Special 
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care was taken to mark the site of the lesions.  The lesions were allowed to recover completely, 
the animal bing sacrificed 13 wk after injury.  The animal was fixed, and the lesions recovered, 
for study in light and electron microscopy, as described in the previous study. 
 
 Serial transverse sections about 2 microns thick were cut with the ultramicrotome, at 
intervals of 250 microns along the muscle biopsy.  In this way, at least four of the serial sections 
could be expected to pass through the region of the previously crushed muscle.  As already 
indictated, regeneration is virtually complete by four weeks in these lesions, so that the sections 
appeared normal.  Counts were made of muscle fibres, myonuclei, satellite cells and fibroblasts, 
using the method and criteria outlined in Section II, p.28.  The data obtained is represented in 
Table 6 and in the histogram of fig. 44.  In the histogram, the mean of each series of values is 
expressed at about the same height so that variations about the mean can be compared for the 
four series. 
 
 
Results 
 
 The muscle fibre counts show that there is, if anything, a slight increase in fibre number 
in the previously damaged region.  The myonuclei are proportionately more variable in number, 
particularly in the region of the lesion.  The satellite cells show a significant rise in the region of 
the lesion.  The fibroblasts show a similar rise, though of a broader base, extending over about 
3 mm. of the muscle. 
 
 
Discussion 
 
 These results corroborate the earlier general statement that these crush lesion heal 
completely,with restoration of the muscle fibres to normal.. The quantitation reveals that, overall, 
there is increased cellularity in the injured area, at least as revealed by the significant increase 
in the numbers of fibroblasts and satellite cells.  The satellit cells are seen in a ratio of one to 
nine or ten myonuclei on either side of the lesion, but rise too a ratio of one to six or seven, and 
as high as one to five ot one point, in the lesion. 
 
 The increase in the number of satellite cells in the injured area is in keeping with the 
observation of other workers who have noted that they are more commonly seen in regerating 
muscle, or in various myopathies.  The significance of this is futher discussed below, but the 
immediate inference from this observation here is that, as all the normal elements of muscle are 
replaced following injury, the whole process should be repeateable, so that satisfactory 
regeneration would occur after repeated injury, at least under these experimental conditions. 
 
 
      - - - o - - - 
 
 
 
 
 102 
 
 
 103 
 
 
 
 
 
 
 
 104 
 
35,942 words 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
